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Abstract

This work was focused on the behavior of single-walled carbon nanotubes un-
der the influence of dielectrophoretic forces. In particular, it aimed at an un-
derstanding of the basic processes in dielectrophoretic separation and assembly
experiments. By dielectrophoretic deposition onto interdigitated electrode arrays
continuous films of carbon nanotubes were produced, in which metallic and semi-
conducting nanotubes possess a significantly different degree of alignment with
respect to the electric field. These findings were explained with an advanced the-
oretical model for nanotube dielectrophoresis, which takes into account the struc-
tural and dielectric anisotropy of single-walled carbon nanotubes. An experiment
was designed to measure the degree of alignment of dispersed single-walled carbon
nanotubes under variation of the applied electric field, from which—according to
the theoretical predictions—the dielectric properties of the nanotubes can be de-
rived. First results revealed a weak dependence of the alignment on the electric
field. The possibility of separating metallic and semiconducting single-walled car-
bon nanotubes by electrodeless dielectrophoresis through nanopores was studied
under various experimental conditions. The results suggest that after an opti-
mization of the process parameters, electrodeless dielectrophoresis might be suited
for an upscaling of the separation of single-walled carbon nanotubes. Addition-
ally, finite element simulations were carried out to visualize the electric potential
and dielectrophoretic force fields in various electrode setups. The results allowed
for an interpretation of experimental observations regarding the influence of the
sample substrate on the dielectrophoretic deposition of single-walled carbon nano-
tubes, the self-limiting single-nanotube assembly and the characterization of car-
bon nanotubes by voltage-contrast scanning tunneling microscopy.

Kurzzusammenfassung

Dielektrophorese von einwandigen Kohlenstoff-
Nanorohren

Die vorliegende Arbeit befasst sich mit dem Verhalten einwandiger Kohlenstoft-
Nanorohren unter dem Einfluss dielektrophoretischer Kraftfelder. Ziel der Ar-
beit ist es, ein grundlegendes Verstédndnis der fundamentalen Prozesse bei der
dielektrophoretischen Trennung und Platzierung von Kohlenstoff-Nanorchren zu
erhalten. Durch dielektrophoretische Deposition auf interdigitalen Elektroden
wurden kompakte Filme aus Kohlenstoff-Nanorohren hergestellt, in denen die
metallischen und halbleitenden Nanorohren eine signifikant unterschiedliche Aus-
richtung in Bezug auf das elektrische Feld aufweisen. Dieser Effekt ldsst sich
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mit einem erweiterten theoretischen Modell fiir die Dielektrophorese von Kohlen-
stoff-Nanorohren erkldaren, das die geometrische und dielektrische Anisotropie der
Nanorohren explizit beriicksichtigt. Entsprechend der theoretischen Vorhersagen
erlaubt eine Untersuchung der Ausrichtung suspendierter Nanorohren unter Va-
riation der Feldparameter die Bestimmung ihrer dielektrischen Eigenschaften.
Hierzu wurde ein Experiment konzipiert, dessen erste Ergebnisse eine schwache
Abhéngigkeit der Ausrichtung vom elektrischen Feld zeigen. Um die Mach-
barkeit einer Trennung von metallischen und halbleitenden Kohlenstoff-Nano-
rohren durch elektrodenlose Dielektrophorese zu untersuchen, wurde der Trans-
port von Nanorohren durch Nanoporen unter unterschiedlichen experimentellen
Bedingungen studiert. Die Ergebnisse weisen darauf hin, dass die elektrodenlose
Dielektrophorese nach einer Optimierung der Prozessparameter moglicherweise
ein Hochskalieren der dielektrophoretischen Separation erlaubt. Zuséatzlich zu der
experimentellen Arbeit wurden Finite Elemente Simulationen durchgefiihrt, um
die Verteilung des elektrischen Potentials und der dielektrophoretischen Kraft-
felder in unterschiedlichen Elektrodenanordnungen zu bestimmen. Die Ergebnisse
dieser Rechnungen erlauben die Interpretation experimenteller Befunde in Bezug
auf den Einfluss des Substrats auf die dielektrophoretische Deposition von Kohlen-
stoff-Nanorohren, die Selbstbegrenzung bei der dielektrophoretischen Platzierung
und die Charakterisierung der elektronischen Figenschaften von Nanoréhren durch
Spannungs-Kontrast Elektronenmikroskopie.
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Seit dem Beginn der 80er Jahre haben die Forschungsaktivitdten im Bereich der
Nanotechnologie einen deutlichen Zuwachs erlebt. Unter den neuartigen Materia-
lien, deren Eigenschaften untersucht werden, werden einwandige Kohlenstoff-
Nanorohren besonders intensiv erforscht. Einwandige Kohlenstoff-Nanoréhren
sind zylindrische Objekte aus Kohlenstoff, die man sich anschaulich als eine
zu einem nahtlosen Zylinder aufgerollte Graphen-Ebene vorstellen kann. Eine
Kohlenstoff-Nanorohre stellt ein einzigartiges, quasi-eindimensionales molekulares
System dar; unter anderem zeichnet sie sich dadurch aus, dass die Richtung,
in der die Graphen-Ebene aufgerollt wird, die elektronischen Eigenschaften der
Nanorchre bestimmt und sowohl metallische als auch halbleitende einwandige
Kohlenstoff-Nanorohren existieren.

Fiir die Grundlagenforschung haben Kohlenstoff-Nanorohren eine grofe Bedeu-
tung, da sie die experimentelle Verifikation theoretischer Vorhersagen ermoglichen,
z.B. in Bezug auf thermische und elektronische Transportprozesse in eindimen-
sionalen Leitern. Dariiber hinaus gibt es vielversprechende Ansétze, Nanorohren
als Bauteile fiir zukiinftige Anwendungen zu verwenden. Bevor jedoch Kohlenstoff-
Nanorohren effizient in elektronische Schaltkreise integriert werden konnen, muss
zunachst eine Reihe von Problemen gel6st werden. Eines dieser Hindernisse ist das
Fehlen eines selektiven Herstellungsprozesses — keiner der derzeitigen Wachstums-
prozesse erlaubt die kontrollierte Herstellung von Kohlenstoff-Nanoréhren mit
definierten elektronischen Eigenschaften. Wi&hrend somit immer eine Mischung
aus metallischen und halbleitenden Nanoréhren produziert wird, setzen einige An-
wendungen die Verwendung von ausschliefslich einem elektronischen Typus vor-
aus; deshalb ist ein effizienter Trennprozess notwendig. Ein weiteres Hemmnis
ist die préazise und reproduzierbare Platzierung der Nanorohren innerhalb eines
Schaltkreises.

In beiden Bereichen konnten durch die Anwendung von Wechselfeld-
Dielektrophorese (DEP) in den vergangenen Jahren deutliche Fortschritte erzielt
werden. Dielektrophorese beschreibt die Bewegung eines in Fliissigkeit dis-
pergierten polarisierbaren Objekts unter dem Einfluss eines inhomogenen exter-
nen elektrischen Felds. Die dielektrophoretische Kraft ist unabhéngig von der
Ladung des Teilchens und wird stattdessen durch seine Gréfse und Form und das
Verhiltnis der dielektrischen Eigenschaften des Teilchens und der umgebenden
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Fliissigkeit bestimmt. Man unterscheidet zwischen positiver und negativer DEP,
je nachdem ob das Objekt aufgrund einer groferen Polarisierbarkeit im Vergleich
zur Fliissigkeit eine attraktive Kraft in Richtung der Feldinhomogenitéten erfahrt,
oder es im Falle einer geringeren Polarisierbarkeit von den Feldinhomogenitéaten
abgestofen wird. Die Polarisierbarkeit ist eine komplexe Gréfse, in die sowohl die
dielektrische Konstanten € und Leitféhigkeiten o des Teilchens und der Fliissigkeit
eingehen als auch die Frequenz des elektrischen Wechselfeldes w = 27 f und die
Geometrie des Teilchens. Die Richtung der dielektrophoretischen Kraft kann sich
deshalb auch mit der Feldfrequenz &ndern, so dass ein Teilchen bei niedrigen Fre-
quenzen eine positive und bei hohen Frequenzen eine negative DEP erfahrt und
umgekehrt.

Mit Hilfe von Dielektrophorese konnen Kohlenstoff-Nanorohren gezielt in einer
Liicke zwischen zwei Elektroden platziert werden. Unter bestimmten Bedingungen
kommt es dabei zu einer Selbstbegrenzung der Deposition, so dass zu einem grofien
Anteil jeweils eine Nanorohre pro Kontakt deponiert wird. Neben der geziel-
ten Platzierung und Kontaktierung erlaubt Dielektrophorese auch die Trennung
von metallischen und halbleitenden Kohlenstoff-Nanoréhren aufgrund ihrer dielek-
trischen Eigenschaften. Wird Dielektrophorese auf eine Suspension angewandt,
in der Nanorohren mit Hilfe eines Tensids vereinzelt wurden, so erfahren me-
tallische Kohlenstoff-Nanorohren eine positive DEP im gesamten Frequenzbereich,
halbleitende Nanorchren jedoch erfahren fiir Frequenzen oberhalb einer Grenzfre-
quenz im RF-Bereich eine negative DEP. Dadurch konnen tiberwiegend metallische
Nanorohren auf interdigitalen Mikroelektroden abgeschieden werden, wihrend die
halbleitenden Kohlenstoff-Nanorohren in der Suspension verbleiben. Fiir zukiinf-
tige Anwendungen muss dieser Prozess hochskaliert werden, so dass er auf grofere
Mengen von Nanorohren-Suspensionen angewandt werden kann. Da grofe Feld-
starken und grofse Feldinhomogenitéiten wesentliche Voraussetzungen fiir eine ef-
fiziente Separation mit Dielektrophorese sind, ist das Hochskalieren keineswegs
trivial und erfordert grundlegende experimentelle Studien.

Im ersten Teil dieser Arbeit wurde die dielektrophoretische Deposition von ein-
wandige Kohlenstoff-Nanorohren auf interdigitalen Mikroelektroden untersucht.
Die Verwendung von Aluminium als Elektrodenmaterial erhoht aufgrund der
natiirlichen Oxidschicht die Ausbeute an deponierten Kohlenstoff-Nanoréhren
deutlich und erlaubt die Herstellung von kompakten Filmen aus Nanorchren mit
einer Dicke von bis zu 100 nm. Die Anwendung von sehr grofien elektrischen Felder
wahrend der Deposition — die zu der gerade genannten Zunahme der deponierten
Nanorohren beitragt — fiihrt zur Abscheidung von halbleitenden Kohlenstoff-Nano-
rOhren auch oberhalb der zuvor bestimmten Grenzfrequenz. Aufserdem besitzen
die metallischen und halbleitenden Nanorchren auf der Probe eine signifikant
unterschiedliche Ausrichtung, die durch polarisationsabhéngige Absorptionsspek-
troskopie analysiert wurde: metallische Kohlenstoff-Nanorohren sind parallel zur
Richtung des elektrischen Felds wihrend der Deposition ausgerichtet, halbleitende
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Nanorohren hingegen sind willkiirlich orientiert. Aus dieser Beobachtung lassen
sich zwei wichtige Schliisse ableiten: die Nanoréhren werden einzeln deponiert,
d. h. die Einzelrohr-Suspensionen sind auch in hohen elektrischen Feldern stabil,
und obwohl beide elektronischen Arten eine positive DEP erfahren, ist ihre Reak-
tion auf die dielektrophoretischen Felder doch deutlich unterschiedlich.

Um diese experimentellen Ergebnisse zu erklaren, wurde das Modell iiberarbeitet,
das bisher fiir die Dielektrophorese von Kohlenstoff-Nanorchren verwendet wurde.
Dieses Modell beschreibt die DEP von stabférmigen Objekten unter der Annahme
einer bestimmten festen Ausrichtung des Objekts in Relation zum elektrischen
Feld. Das in dieser Arbeit eingefiihrte erweiterte Modell erlaubt eine willkiir-
liche Ausrichtung, die durch das Verhéltnis zwischen dem dielektrophoretischen
Drehmoment und der thermischen Energie bestimmt wird. Das konventionelle
Modell beriicksichtigt auferdem nur die dielektrischen Eigenschaften in Richtung
der langen Achse des Teilchens. Kohlenstoff-Nanorchren besitzen aber eine aus-
geprigte Anisotropie sowohl in ihrer Geometrie als auch in ihren dielektrischen
Eigenschaften; dies wurde explizit in das erweiterte Modell integriert. Der neue
Formalismus wurde verwendet, um die Ausrichtung von metallischen und halblei-
tenden Nanorohren als Funktion der Stédrke und der Frequenz des elektrischen
Felds zu berechnen. Bei geringen Feldfrequenzen zeigen beide Arten ein dhnliches
Verhalten, bei grofsen Frequenzen jedoch ergeben sich deutliche Unterschiede: Im
Fall der metallischen Kohlenstoff-Nanorohren sind moderate Feldstédrken ausrei-
chend, um eine geordnete Phase mit einem hohen Grad der Ausrichtung zu erzeu-
gen. Bei halbleitenden Nanorohren ist die ungeordnete Phase bis zu deutlich
hoheren Feldstéarken erhalten und bei einer weiteren Zunahme der Feldstérke wird
ein Ubergang zwischen zwei verschiedenen geordneten Phasen vorhergesagt. Auf
der Grundlage des erweiterten Dielektrophorese-Modells wurden die Ergebnisse
der polarisationsabhéngigen Absorptionsspektroskopie gefittet, wobei sich eine
sehr gute Ubereinstimmung zwischen den Messwerten und dem Fit ergab. Der
experimentelle Befund, dass halbleitende Kohlenstoff-Nanorohren bei sehr grofen
elektrischen Feldern auch oberhalb der Grenzfrequenz deponiert werden, wurde
durch eine Finite Elemente Simulation untersucht. Die Ergebnisse der Rechnung
verdeutlichen, dass halbleitende Nanorohren in einem gewissen Frequenzbereich,
der durch die dielektrischen Eigenschaften der Nanorchren festgelegt wird, eine
positive Dielektrophorese ausschlieflich aufgrund ihrer orthogonalen Polarisier-
barkeit erfahren, die in friitheren Rechnungen vernachlassigt wurde.

Zur Erklarung von experimentellen Ergebnissen, die am Institut fiir Nanotech-
nologie (INT) erzielt wurden, wurden weitere Finite Elemente Simulationen
durchgefiihrt. Ein Experiment beschéftigte sich mit der Deposition von kurzen
Kohlenstoff-Nanorohren zwischen Goldelektroden, die entweder auf isolierendem
Quarz-Glas oder auf oxidiertem leitfahigem Silizium-Substrat strukturiert wur-
den. Eine Simulation der dielektrophoretischen Kraftfelder fiir beide Strukturen
zeigt, dass die Anwesenheit eines leitfdhigen Substrats zu einer Abstofsung der
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Kohlenstoff-Nanorohren im Zentrum der Liicke zwischen dem Elektrodenpaar
fithrt, wihrend im Fall des isolierenden Substrats ausschliefslich attraktive Kréfte
in der Liicke vorliegen. In Ubereinstimmung mit diesen Ergebnissen zeigen die
Experimente ein substrat-spezifisches Depositionsmuster der Nanoréhren in der
Elektrodenliicke.

Die Selbstbegrenzung, die bei der gezielten Platzierung von Nanorohren zwischen
Elektrodenpaaren auftritt, wurde in fritheren Arbeiten durch einen Kurzschluss
des Potentials in Anwesenheit der Nanorohre und eine dadurch bedingte Ab-
nahme der dielektrophoretischen Kraft erkldart. Am INT durchgefiihrte Impedanz-
messungen deuten an, dass diese Erklarung unzureichend ist, und ein alternativer
Mechanismus wurde vorgeschlagen, der auf einer Anderung der elektrischen Felder
beruht. Die Verteilung des elektrischen Potentials und der dielektrophoretischen
Kraftfelder in der Elektrodenliicke, die in Finite Elemente Simulationen berechnet
wurden, unterstiitzen diese Erklarung: In Abwesenheit einer Kohlenstoff-Nano-
rohre zwischen den Elektroden liegt eine attraktive dielektrophoretische Kraft in
der Elektrodenliicke vor. Die Deposition einer Nanorchre fiihrt zu starken re-
pulsiven Kréften in diesem Bereich, die die Deposition einer weiteren Nanorohre
verhindern. Die Anderung der dielektrophoretischen Kraftfelder basiert auf der
sehr grofsen Permittivitiat des Nanorohren-Tensid-Komplexes im Vergleich zur Per-
mittivitdt der umgebenden wassrigen Losung.

Die Betrachtung von Bauteilen mit einzelnen Nanorohren mit dem Rasterelektro-
nenmikroskop und der Ansatz, Spannungs-Kontrast Rasterelektronenmikroskopie
zur Charakterisierung der elektronischen FEigenschaften von Kohlenstoff-Nano-
rOhren zu verwenden, motivieren eine weitere Finite Elemente Simulation. Ex-
perimente am INT zeigten, dass die Kontrasténderung von Bauteilen mit einzel-
nen Nanordhren bei Variation der Gate-Spannung vom elektronischen Typus der
Nanorohre abhéngt. Zur Erklarung wurde zunéchst der Kontrastunterschied zwi-
schen einer nicht kontaktierten und einer geerdeten Elektrode untersucht, indem
das elektrische Potential und Feld fiir beide Anordnungen berechnet wurde. Elek-
trisch nicht kontaktierte (“floatende”) Elektroden nehmen ein dhnliches Potential
wie das Substrat an und erzeugen deshalb keine Feldverzerrungen. Geerdete Elek-
troden hingegen verursachen starke Feldverzerrungen in ihrer Umgebung. Des-
halb ist der Kontrast einer floatenden Elektrode dem des Substrats sehr &hn-
lich, wahrend eine geerdete Elektrode je nach der Polaritit der Gate-Spannung
heller oder dunkler als das Substrat erscheint. Nun wurde die Kontrastdnderung
einer Kohlenstoff-Nanorohre modelliert, die zwischen einer geerdeten und einer
ansonsten elektrisch floatenden Elektrode deponiert ist. Dabei wurde angenom-
men, dass sich die Permittivitdt einer halbleitenden Nanorchre unter dem Ein-
fluss der Gate-Spannung dndert. Fiir kleine Permittivitéit ergibt sich ein vernach-
lassigbarer Einfluss der Nanordhre auf das Potential der floatenden Elektrode.
Mit zunehmender Permittivitat verstarkt sich dieser Einfluss, bis schlieflich fiir
eine halbleitende Kohlenstoff-Nanorchre im ON-Zustand oder eine metallische
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Nanorohre die floatende Elektrode vollsténdig iiber die Nanorohre an die geerde-
ten Elektrode gekoppelt ist. Die berechneten Potentialverteilungen zeigen eine
gute Ubereinstimmung mit den experimentellen Beobachtungen.

Das in dieser Arbeit vorgestellte erweiterte Dielektrophorese-Modell sagt deut-
liche Unterschiede in der Ausrichtung von metallischen und halbleitenden Kohlen-
stoff-Nanorohren in elektrischen Feldern voraus, wobei der Grad der Ausrichtung
eindeutig von den dielektrischen Eigenschaften bestimmt wird. Im Umkehrschluss
bedeutet das, dass eine Untersuchung der Ausrichtung der Nanoréhren unter Va-
riation der Feldparameter (Frequenz und Feldstérke) die Bestimmung der dielek-
trischen Eigenschaften erlauben sollte. Dazu wurde ein Experiment konzipiert,
in dem die Absorption von suspendierten Nanoréhren als Funktion der Feldpara-
meter gemessen wird. Aufgrund eines starken Depolarisationseffektes senkrecht
zur Rohrenachse absorbieren Kohlenstoff-Nanorohren fast ausschlieflich Licht, das
entlang ihrer Achse polarisiert ist. Metallische und halbleitende Nanorohren erzeu-
gen dabei eindeutige und unabhéngige Signaturen im Absorptionsspektrum. Des-
halb ist es moglich, anhand der Verdnderung der Absorptionsspektren mit dem
angelegten Feld die Ausrichtung der beiden elektronischen Typen zu bestimmen.
Erste Ergebnisse bestétigen eine Anderung der Absorptionsspektren, wenn ein
elektrisches Feld angelegt wird. Im Vergleich zu der Absorption ohne angelegtes
Feld zeigt die relative Absorbanz — und damit die Ausrichtung der Nanordhren
— qualitativ die erwartete Abhéngigkeit vom elektrischen Feld. Der Effekt ist je-
doch nur schwach und tritt gleichermafen fiir metallische wie fiir halbleitende
Kohlenstoff-Nanorohren auf. FEin Erklarungsansatz besteht in einer Degrada-
tion des elektronischen Systems der metallischen Nanorohren, die sich darauthin
wie halbleitende Nanordhren verhalten — Anzeichen fiir eine solche Degradation
wurden schon in fritheren Experimenten am INT beobachtet, wo bei dielektro-
phoretischen Depositionen bei hohen Frequenzen gelegentlich keine Kohlenstoff-
Nanorohren abgeschieden werden konnten. Dabei ist ein Zusammenhang mit dem
Alter der verwendeten Nanorohren-Suspensionen moglich. Fiir eine abschliesende
Interpretation und zum Nachweis eines Alterungseffektes muss die Messung der
feldabhéngigen Absorption wiederholt werden. In diesem Zusammenhang ist auch
die Verwendung von nicht-ionischen Losungsmitteln vielversprechend. Es wird er-
wartet, dass neben den deutlich unterschiedlichen dielektrischen Eigenschaften
eines nicht-ionischen Losungsmittels im Vergleich zu den bisher verwendeten Ten-
siden auch die Oberflachenleitfdhigkeit von halbleitenden Kohlenstoff-Nanorohren
wesentlich reduziert wird. Dadurch wird sich das Verhalten der Nanoréhren unter
Dielektrophorese insgesamt stark andern, was moglicherweise die Messung der
feldabhangigen Ausrichtung erleichtern wird.

Planare Elektrodenstrukturen sind zum Hochskalieren der dielektrophoretischen
Separation nicht gut geeignet, da einerseits das dielektrophoretische Kraftfeld ex-
ponentiell mit dem Abstand zur Probenoberflache abféllt und auferdem auf der
Oberfliche deponierte metallische Kohlenstoff-Nanorohren das Feld abschirmen
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und somit weiter abschwéchen. Ein moglicher Ansatz zum Hochskalieren besteht
in der Verwendung der elektrodenlosen Dielektrophorese. Dabei werden zwei Fliis-
sigkeitsvolumina durch eine isolierende Membran getrennt, die ein oder mehrere
Locher aufweist. Wird ein homogenes elektrisches Feld derart an die Fliissigkeit
angelegt, dass der Feldvektor senkrecht zur Membran steht, so wird das elektrische
Feld durch die Verengung “eingeschniirt” und es entstehen lokale Feldverzerrun-
gen im Bereich der Locher. Die zugehorigen dielektrophoretischen Kraftfelder sind
auf den Nahbereich der Membran beschrinkt und eine zusétzliche Antriebskraft
ist erforderlich, um in der Fliissigkeit enthaltene Partikel in den Einflussbere-
ich der dielektrophoretischen Kraft zu bringen. Eine feine Justage der Antrieb-
skraft im Verhéltnis zur DEP-Kraft sollte es ermdglichen, mit einer solchen Anord-
nung metallische und halbleitende Kohlenstoff-Nanorohren zu trennen. Um die
Machbarkeit dieses Ansatzes zu testen, wurde eine Messzelle entworfen und der
Einfluss von Gleich- oder Wechselspannung und hydrostatischem Druck auf den
Transport von Kohlenstoff-Nanorchren durch die Locher der Membran untersucht;
die Locher weisen hierbei einen Durchmesser von 10-100 nm auf. Nachdem eine
Halbzelle mit Nanorchren-Suspension (“Nanorchren-Seite”) und die andere mit
einer gleichartigen Tensidlosung (“Seifenseite”) befiillt wurde, erlaubt eine in Situ-
Messung der optischen Absorption die Detektion der Translokation von Kohlen-
stoff-Nanorohren durch die Membran. Durch Messung der elektrophoretischen
Mobilitat wurde gezeigt, dass Kohlenstoff-Nanorchren in Tensidlosung eine neg-
ative Oberflachenladung besitzen. Um eine Antriebskraft von der Nanoréhren-
zur Seifenseite zu erzeugen, wurde eine positive Gleichspannung an der Seifenseite
angelegt. Es stellte sich heraus, dass in den Nanoporen der Membran ein elek-
troosmotischer Fluss entsteht, der der erwarteten Bewegung der Nanoréhren ent-
gegengerichtet ist und dadurch die Anwendung einer Gleichspannung zum Erzeu-
gen einer Antriebskraft hinféllig macht. Die Applikation von hydrostatischem
Druck hingegen bewirkt einen effizienten Transport der Kohlenstoff-Nanoréhren
durch die Membran; innerhalb der experimentell zugénglichen Grenzen erwies sich
dieser Transport als unabhéngig von einer angelegten Wechselspannung und eine
Trennung der Nanorohren fand nicht statt. Experimente, in denen die Antriebs-
kraft ausschlieflich auf Diffusion basierte, offenbarten einen bevorzugten Trans-
port von Nanorchren mit kleinem Durchmesser und metallischen Nanorohren. Die
Durchmesserselektivitét stellte sich als intrinsisch fiir den diffusiven Transport von
Kohlenstoff-Nanoréhren durch die Nanoporen heraus. Die Anreicherung an metal-
lischen Nanorchren wurde auch in Abwesenheit einer Wechselspannung beobachtet
und ist deshalb offensichtlich nicht ausschlieflich durch Dielektrophorese bedingt;
die genaue Bestimmung der Ursachen erfordert weitere Untersuchungen. Diese
ersten Ergebnisse zeigen, dass die elektrodenlose Dielektrophorese nach einer Op-
timierung der Prozessparameter moglicherweise ein Hochskalieren der dielektro-
phoretischen Separation erlaubt. Auch hier verspricht die Verwendung von nicht-
ionischen Losungsmitteln neue Einblicke.
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1. Introduction

Since the early 1980s a significant increase of research activities in the field of
nanotechnology has taken place. This was triggered on the one hand by the in-
vention of new analytic tools—like the scanning tunneling microscope (STM) in
1981 [1] and the atomic force microscope (AFM) in 1986 [2]—that allow for the
observation of new phenomena and the refinement of lithography towards smaller
sizes, now enabling the fabrication and manipulation of nano-scale devices. On
the other hand the enhancement of computer power and the exponentially growing
production costs demand for new solutions involving the integration of novel ma-
terials into electronic devices. The interaction between fundamental research and
future industrial applications explains the rapid growth of this interdisciplinary
field of science.

Among the new materials under investigation, carbon nanotubes are one of the
most intensively studied. After the discovery of fullerenes in 1985 [3], in 1991
multi-walled carbon nanotubes were observed to grow at the carbon cathode dur-
ing the arc-discharge synthesis of fullerenes [4]. Two years later single-walled
carbon nanotubes (SWNTs) were found to form in the gas phase of a similar
process [5].

Single-walled carbon nanotubes are hollow cylinders made of carbon. A SWNT
can be considered to consist of a single graphene sheet rolled up into a seam-
less cylinder. Such a nanotube is a unique molecular system due to several rea-
sons [6,7]: with a typical diameter of ~ 1nm and a length up to 1cm, nano-
tubes yield a hithero unmatched aspect ratio; they show little structural disorder
and are chemically inert; depending on the direction about which the graphene
is rolled into a cylinder, single-walled carbon nanotubes exist in two electronic
manifestations—they can be either metallic or semiconducting; in addition, they
exhibit outstanding mechanical properties, like very high tensile strength and
elastic modulus.

From the viewpoint of fundamental science, a single-walled carbon nanotube is
a quasi-one-dimensional-—conducting or semiconducting—system that offers the
possibility to verify theoretical predictions of, for example, the electronic and ther-
mal transport properties. Regarding future implementations, SWNTs are promis-
ing candidates for a wide range of applications, e. g. as building blocks in molecular
electronics [8] or as field emitters [9]. Currently, nanotubes are already used as
additive to the graphite component in Li-ion batteries and as reinforcement of
composite materials [10].
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For an efficient integration of single-walled carbon nanotubes into electronic de-
vices several problems have to be overcome. One of them is the lack of a selective
growth process—so far no synthesis method exists that allows to control the chi-
rality and therefore the electronic type of the nanotubes. However, some of the fu-
ture applications require samples containing only metallic or only semiconducting
nanotubes; therefore a separation process is essential. Another obstacle is the
precise and reproducible assembly of individual nanotubes within an electronic
circuit. Current device fabrication often involves a random dropping of nanotubes
onto pre-defined electrodes, or else, electrodes are lithographically structured onto
nanotubes which were before randomly deposited and located on a substrate. The
use of AC (alternating current) dielectrophoresis led to a substantial progress in
both the separation of metallic and semiconducting nanotubes and their controlled
assembly in electronic devices [11,12].

Dielectrophoresis describes the motion of polarizable particles dispersed in liquid
media under inhomogeneous external electric fields [13]. Unlike electrophoresis,
dielectrophoresis does not require the particles to be charged—when using solely
AC fields, the force acting on the particle is independent of the charge. Instead it
is determined by the size and geometry and the dielectric properties of the par-
ticle: a particle that is more polarizable than its surrounding medium undergoes
positive dielectrophoresis, i.e. the particle is attracted towards regions of high
field inhomogeneity, while a particle which is less polarizable experiences nega-
tive dielectrophoresis, i.e. it is repelled from these regions. The polarizability of
a particle is a complex function, the Clausius-Mossotti function, which depends
on the permittivity ¢ and the conductivity o of the particle and the surrounding
medium as well as on the frequency f of the electric field and the particle’s size
and shape. As a consequence, the direction of the dielectrophoretic force exerted
on a particle can vary with the field frequency, such that a particle might expe-
rience positive dielectrophoresis at low frequencies and negative dielectrophoresis
at high frequencies or the other way around.

Already in the 1960s, dielectrophoresis was used for the manipulation and col-
lection of cells and other micrometer particles [14]. Only recently, due to the
advances in lithography techniques, the generation of sufficiently high electric
fields was possible that allow to manipulate sub-micrometer particles. From 1990
on, a wide range of particles like DNA [15], proteins [16], latex particles [17]
and viruses [18] have been collected and manipulated by dielectrophoresis. Ad-
ditionally, it was demonstrated that dielectrophoresis allows for the separation of
heterogeneous populations of viruses [19] and latex spheres [20] according to their
dielectric properties (for on overview see also Reference [21]).

AC dielectrophoresis was first introduced in 2003 as a tool to assemble and
contact bundles of individual single-walled carbon nanotubes [22]. When using
surfactant-stabilized suspensions of individual carbon nanotubes, a self-limiting
deposition process was observed resulting in devices which contain single carbon



nanotubes [12,23|. Recently, this technique was employed to produce high-density
arrays of individual single-walled carbon nanotube devices [24]. These experimen-
tal results indicate an important step towards a precise and reproducible integra-
tion of carbon nanotubes into electronic devices.

Furthermore, dielectrophoresis was presented as the first method to nondestruc-
tivelly sort single-walled carbon nanotubes according to their electronic type [11].
While both electronic types experience a positive dielectrophoretic force for low
electric field frequencies, semiconducting nanotubes undergo negative dielectro-
phoresis and metallic nanotubes undergo positive dielectrophoresis in the high-
frequency regime [25]. The use of interdigitated micro-electrodes allows to deposit
thin films of predominantly metallic nanotubes onto the sample surface, while
semiconducting nanotubes remain in the suspension [26]. There have been several
reports regarding a method to upscale the dielectrophoretic separation process,
e.g. by using macroscopic electrodes [27], filtration [28|, microfluidic setups [29]
and dielectrophoresis field flow fractionation [30]. However, the fact that inhomo-
geneous fields are a prerequisite for an efficient dielectrophoresis process implies
that an upscaling of the separation is non-trivial and further work is necessary in
this context.

In this work fundamental aspects of nanotube dielectrophoresis are treated, re-
garding both its application for separation as well as assembly. This thesis is
structured as follows: In Chapter 2 the theoretical framework is presented which
is necessary to comprehend the measurements and interpretations given in the
subsequent chapters. This involves a summary of the basic properties of single-
walled carbon nanotubes as well as a short introduction into dielectrophoresis and
finite element simulations.

Chapter 3 focuses on the properties of continuous films of single-walled carbon
nanotubes which are produced by dielectrophoretic deposition onto interdigitated
electrodes using very large electric fields. The experimental procedure is described
and the sample characterization is presented. Polarization dependent absorption
spectra measured on the nanotube films reveal a significant difference in the align-
ment of metallic and semiconducting nanotubes. Furthermore, semiconducting
nanotubes are observed to deposit at frequencies higher than the cross-over fre-
quency observed before. To explain these results, an advanced model for carbon
nanotube dielectrophoresis is introduced, which explicitly incorporates the struc-
tural and dielectric anisotropy of single-walled carbon nanotubes. On the basis
of this model, the average alignment of metallic and semiconducting nanotubes
under the experimental conditions is predicted and compared to the experimental
findings.

To optimize the experimental setups for dielectrophoretic assembly or separa-
tion of single-walled carbon nanotubes a profound understanding of the dielectro-
phoretic force fields is required. Chapter 4 provides an overview of finite element
simulations which were performed for this purpose. The calculations presented
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here were essential for the understanding of experimental results obtained at the
Institute for Nanotechnology, INT.

According to the model discussed in Chapter 3, the alignment of dispersed single-
walled carbon nanotubes exposed to an external electric field is a function of the
properties of the electric field and of the nanotubes. Therefore, monitoring the
degree of alignment under variation of the field strength and frequency allows
to determine the dielectric properties of the nanotubes under investigation. In
Chapter 5 an experimental setup to measure n situ the absorbance spectra
of suspended carbon nanotubes exposed to AC electric fields is presented. The
evolution of the absorption with the applied voltage—which is a measure for the
electronic-type-specific alignment—is examined and compared to the theoretical
predictions.

The concept of electrodeless dielectrophoresis might offer the possibility to up-
scale the dielectrophoretic separation of single-walled carbon nanotubes. In elec-
trodeless dielectrophoresis an—initially homogeneous—electric field in a conduct-
ing liquid is generated between two macroscopic electrodes. An insulating ma-
terial is placed between the electrodes, and channels through the insulator are
used to confine the electric field, thereby creating high local field inhomogenities.
An experimental setup to study the applicability of this concept for nanotube
dielectrophoresis is introduced in Chapter 6. The translocation of nanotubes
through nanopores is monitored by means of absorption spectroscopy and the
influence of DC and AC voltages as well as hydrostatic pressure is investigated.

In Chapter 7 this work is summarized and an outlook towards future investi-
gations is given.



2. Theoretical framework

2.1. Single-walled carbon nanotubes (SWNTs)

Since their discovery in 1993 by Iijima [5], single-walled carbon nanotubes
(SWNTs) are in the focus of interest of both experimentalists and theoreticians
due to the outstanding properties of these one-dimensional systems, e.g. their
mechanical stability and their electronic properties ranging from metallic to semi-
conducting character. In the following sections a short introduction into the basic
properties of single-walled carbon nanotubes is presented.

2.1.1. Structure of SWNTs

A single-walled carbon nanotube can be constructed geometrically from a
graphene sheet, i.e. a single layer of graphite. In a graphene sheet the carbon
atoms are placed on a hexagonal lattice, thus forming a honeycomb structure.
Figure 2.1 shows the unit cell and the Brillouin zone of graphene. The unit cell
is spanned by the graphene lattice vectors @, and @y with |@;| = |ds] = ap =
2.461 A The graphene lattice constant ao is related to the distance between neigh-
boring carbon sites a.. by ag = V3 e = V3 1.42 A. The vectors b1 and b2 are
the reciprocal lattice vectors.

Figure 2.1: 2d graphene in real (left) and reciprocal space (right). The vectors d; 2 and 5’1}2
are the basic vectors and reciprocal lattice vectors. The unit cell (dotted rombus) contains two
carbon atoms on sites A and B. The high symmetry points I';, K, M within the Brillouin zone
(shaded hexagon) are indicated. From Ref. [31].

As depicted in Figure 2.2, a SWNT is modeled by taking a rectangular section
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of the graphene sheet and rolling it into a hollow cylinder. The unit cell of the
nanotube is spanned by the chiral vector C_"h, connecting two equivalent atomic
sites on the circumference perpendicular to the cylinder axis, and the translational
vector T, which marks the translational period along the axis. While there are
an infinite number of possibilities to roll the graphene sheet into a cylinder, every
individual nanotube can be uniquely specified by its chiral indices (n,m), which
define the chiral vector in terms of the graphene lattice vectors a; and ds: éh =
nd; + mads. The diameter of a nanotube can be derived from the length of the
chiral vector as

d= |éh|/ﬂ:@Vn2+nm+m2. (2.1)
m

The typic§l diameter of a single-walled carbon nanotube is ~ 1nm. The angle ©
between C}, and @y, which is called the chiral angle, can be calculated as follows

Cy - a
cos© = qh le.
|Ch]d1]

(2.2)

Due to the rotational symmetry of the graphene lattice, the value of the chiral
angle can be restricted to 0 < © < 30°, corresponding to a restriction of the chiral
indices to n > m > 0. Nanotubes with m = 0 (© = 0°) are called zig-zag tubes,
because the atoms form a zig-zag pattern along the circumference. Nanotubes of
the type (n,n) (© = 30°) exhibit an armchair pattern along the circumference and
are therefore called armchair tubes. While zig-zag tubes display carbon-carbon
bonds parallel to the nanotube axis, armchair tubes display bonds perpendicular
to the tube axis.

Nanotubes with m # n # 0 are chiral tubes, whereas zig-zag and armchair tubes
are achiral. The translational period ¢ = |T'| varies strongly with the chirality:
chiral nanotubes often have very large unit cells, whereas in the case of armchair
and zig-zag nanotubes the length of the translational vector is t = a¢ and t =
V'3 - ag, respectively.

To derive the electronic properties of a single-walled carbon nanotube it is es-
sential to know the Brillouin zone in the reciprocal space. Just as the unit cell
spanned by Cj, and T is unique for any pair of (n,m), the Brillouin zone is un-
ambiguously defined by the vectors Ez along the direction of the nanotube axis
and k, along its circumference. The reciprocal vectors are given by the following
relations

EL'C_;},‘ZQW
k.- Cp =0

l
S E
I

S

0 (2.3)
2

.

Due to the high aspect ratio of a SWNT, it can be regarded to be infinitely long
along its axis and the wave vector k, is continuous. The extension of the first
Brillouin zone in z-direction is —7/t < k, < 7w/t. The vector k,, on the other
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(a)

Figure 2.2: (a) The honeycomb lattice of graphene with lattice vectors d@; and @s is shown as
well as the unit cell of a (4,2) nanotube defined by the chiral vector Cp, and the translational

vector T Highlighted in red and green are the pattern displayed along the circumference of
zig-zag and armchair nanotubes, respectively. Modified from Ref. [31]. (b) Model of the (4,2)
nanotube.

hand, is quantized: The wave function of any quasi-particle on the nanotube must
acquire a phase shift of an integer multiple of 27 around the circumference to allow
for the formation of a standing wave. Thus, the boundary condition for k, is

2 2

T oat
Here p is an integer related to the number of graphene hexagons in the SWNT
unit cell, ¢, by p = —q/2,—q/2+1,...,q/2. The first Brillouin zone now consists
of ¢ lines of allowed k-states which are parallel to the z-axis and separated by
ky, = w/d, with k, € (—n/t,m/t]. As an example, Figure 2.3 shows the first
Brillouin zone of an armchair and a zig-zag nanotube. Note that the graphene
lattice is rotated by 30° in the case of the zig-zag nanotube.

p-A=|Chl=nd o ki,= (2.4)

2.1.2. Electronic properties of SWNTs

Due to the generally very large number of atoms in the unit cell of a nanotube,
deriving the band structure for each specific chirality through ab initio calcula-
tions is very time-consuming or even impossible. Instead the band structure of
a SWNT is deduced from the energy dispersion of graphene by the zone-folding
approximation.

Band structure of graphene

In the hexagonal graphene lattice the four valence orbitals of the carbon atoms
show planar sp? hybridization. The 2s, 2p, and 2p, orbitals form the bonding
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Figure 2.3: Schematic drawing of the first Brillouin zone of a (3,3) nanotube (a) and a (6,0)
nanotube (b). Adapted from Ref. [7].

o and the anti-bonding ¢* orbitals, which are in-plane with the graphene sheet.
While these o orbitals are responsible for the binding energy and the elastic proper-
ties of the sheet, they are energetically far away from the Fermi level and therefore
contribute very little to the electronic properties. The 2p, orbital, on the other
hand, is perpendicular to the graphene sheet and through interaction with neigh-
boring 2p, orbitals forms non-localized bonding 7 and anti-bonding 7* orbitals.
The 7 bonds pointing out of the plane are responsible for the weak interactions
between different graphene layers in graphite—or between bundled SWNTs—and
play the key role in the determination of the electronic properties.

Figure 2.4 shows the electronic band structure of graphene as calculated using a
tight-binding model. The 7 and 7* bands, corresponding to the last valence and
the first conduction band, cross the Fermi level with Er = 0 at the corners of
the first Brillouin zone, the high symmetry K points. This means that graphene
exhibits a metallic character, but since its Fermi surface consists of only six dis-
tinct points (the K points), it is often called semimetal. Additionally, in a first
approximation, the = bands show a linear dispersion near the K points. The o
and o* bands are well separated by several eV.

Zone-folding approximation

As discussed above, the Brillouin zone of a specific single-walled carbon nano-
tube displays a unique set of parallel lines corresponding to the allowed £ states.
In the zone-folding approximation the electronic band structure of a nanotube is
defined by the electronic energies of graphene along these lines, EZ”T*(k:Z), which

are projected (‘folded’) onto the k. direction. Due to the one dimensional character
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Figure 2.4: (a) Energy dispersion for the 7 and 7* bands in graphene [32]. (b) Electronic band
structure of graphene along the high symmetry directions of the 2D Brillouin zone [7].

of carbon nanotubes, the resulting Brillouin zone is one dimensional as well. The
wave vector k = k, defines the continuous momentum along the nanotube axis
and p specifies the index of the allowed line. The zone edge of the Brillouin zone
is generally labeled X, with X = +(m/ t)l; Figure 2.5 illustrates this approach.

E(kfl:a ky)

Figure 2.5: (a) Energy dispersion, E™" (k,, k,), of graphene within the Brillouin zone of an
armchair nanotube. In the zone-folding approach, the energy values on the lines of allowed
k-states, E;“’T*(k:), are projected onto the k. direction to obtain the band structure (b) and
density of states (c) for a (5,5) armchair nanotube. Modified from Ref. [33].

The zone-folding technique offers a simple way to predict the electronic structure
of a (n,m) nanotube. As stated above, the valence and conduction bands of
graphene cross at the K point of the Brillouin zone. Only in the case where
this K point lies on a line of allowed k states, does the nanotube show metallic
character, else it is a semiconductor. Using Equation (2.4) and the location of the
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K point in the reciprocal space, K= % (b: — b;), it follows

L Lo 2
K -C,=2mu= <b1_b2>(n61+m62):§(n—m)

& 3u=n—m. (2.5)

Wl

This means that whenever n —m is an integer multiple of 3, the SWNT is metallic
with a linear dispersion relation close to Er and a non-zero density of states at
the Fermi level (see Figure 2.5 (b & ¢)). By projecting the K point onto the
nanotube axis, the value of the wave vector k£ at which the band crossing occurs
can be predicted in a similar way. It turns out that for most metallic nanotubes,
including armchair nanotubes, the crossing occurs at 2/3 - X, while in the case of
zig-zag nanotubes the bands cross at the I' point.

The condition for a semiconducting nanotube is n —m = 3p £ 1. In this case, an
energy gap AFE exists at the Fermi level, which is given in a first approximation
by [33]

AE — 27?63:(:70 _ 2acc/70'
|Chl d
Here, 7y is the transfer integral between first neighbor 7 orbitals used in the tight-

binding derivation of the energy dispersion of graphene. A typical value for vy is
2.9eV.

(2.6)

Curvature effects

The zone-folding approach gives reliable values for the electronic energies close to
the Fermi level and for single-walled carbon nanotubes with d > 1.5 nm and it also
provides a general rule for the metallicity of a specific (n, m) nanotube. However,
the approach treats nanotubes as stripes of graphene and neglects any curvature
effects which are introduced by rolling up the graphene sheet to form a nanotube.

Placing the carbon atoms on a cylinder wall yields a difference between the
carbon-carbon bonds parallel and perpendicular to the nanotube axis. As a result,
the basis vectors d; and @y have different lengths and the parameter 7 in the tight-
binding calculation takes different values for the three neighboring atoms of the
central carbon atom. Additionally the planar symmetry is broken and the 7 and
o states can mix to form hybrid orbitals.

These curvature effects shift the kg point at which the 7 and 7* bands cross away
from the Brillouin zone corners of graphene, the K point. Figure 2.6 (a) illustrates
this shift for an armchair (3,3) and a zig-zag (6,0) nanotube. Obviously, in the
case of the armchair nanotube the kr point is shifted along a line of allowed states
(represented by the set of green lines), which means that armchair nanotubes
preserve their metallic character. For zig-zag nanotubes on the other hand, the
kr point moves perpendicular to the allowed lines and a small energy gap opens at
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Figure 2.6: (a) Due to curvature effects, the Fermi point kr (o) moves away from the graphene
K points as indicated by the red arrows. The direction of this shift is a function of the chirality
of the nanotube. (b) Primary and secondary energy gaps calculated for small diameter SWNTs.
Three types can be distinguished: nanotubes with non-zero primary gap AE ~ 1/d (red dots),
nanotubes with zero primary gap and secondary gap AE; ~ 1/d? (black dots) and armchair
nanotubes with AE = 0 (blue dots). Modified from Ref. [34].

the Fermi energy [35,36]. This so called secondary gap depends on the diameter
and the chirality of the specific nanotubes as [33|

30’2070
4d?

AFE; = (2.7)

Figure 2.6 (b) shows the magnitude of the energy gaps for small-diameter nano-
tubes. (n,n) armchair tubes (represented by blue dots) are the only zero-band-gap
nanotubes, while all n—m = 3u nanotubes with n # m (represented by black dots)
exhibit a secondary gap. However, for zig-zag nanotubes fulfilling this condition
AFj5 is very small and it suffices for most practical purposes to consider them as
metallic.

For very small diameter SWNTs, e. g. nanotubes synthesized inside zeolite chan-
nels [37], the curvature effect is strong enough to allow for the rehybridization of ©
and o states. In this case, the zone-folding approach fails completely and ab initio
calculations are required for a correct description of the electronic band structure.

Density of states

The number of available electronic states AN per energy interval AF with AE —
0 is called the density of states, n(E). The shape of this function depends critically
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on the dimensionality of the material under investigation. If one dimensional
systems exhibit energy bands that can be approximated by a parabolic shape
near the extrema, the density of states consists of a set of singularities where
n(E) ~ 1/V/E, the so called van Hove singularities (vHs).

For i one dimensional electronic bands the density of states can be derived by [7]

n(E) o« Z/dké(k — k)

Here EljE is the set of eigenvalues resulting from the tight binding calculation for
graphene and k; is given by the equation E — E(k) = 0. Figure 2.5 (c) shows the
density of states for a (5,5) nanotube and clearly illustrates that the position of the
van Hove peaks corresponds to points of vanishing slope in the energy dispersion
in Figure 2.5 (b).

Under the assumption of linear bands near the K points in the Brillouin zone the
density of states in the vicinity of the Fermi energy can be expressed by a universal
relationship [38]. In this approximation the position of a vHs depends only on the
electronic type of the carbon nanotube and goes with 1/d, independent of the
chirality. For the first van Hove peak this approach is in very good agreement
with ab initio calculations, but for higher energies the results only qualitatively
agree. The so called Kataura plot presented in Figure 2.7 shows the position of
the vHs with respect to the Fermi energy as a function of the nanotube diameter
as calculated with the tight binding method and illustrates how the different
chiralities introduce a broadening for higher energies.

-1

OFE;F
Ok

(2.8)

The vHs are very important for many physical properties of single-walled carbon
nanotubes, because the density of states is very high at the singularities. As
an example, the probability for optical absorption will be very pronounced if the
energy of the incoming photon equals the difference between vHs in the valence and
conduction bands. Besides optical absorption and emission measurements [39],
scanning tunneling spectroscopy [40] and resonant Raman scattering [41| provide
tools to verify the density of states experimentally.

Polarizability

The electronic structure of a specific single-walled carbon nanotube, and in par-
ticular its energy gap has a major influence on the response of carbon nanotubes
when exposed to an external electric field. The main response to the presence of
a uniform electric field E is the formation of an induced dipole moment p, which
is related to the electric field via the polarizability tensor a by p'= oE.

The static polarizability per unit length of a (n,m) nanotube can be calculated
by a method presented in Reference [42]. (The notation used in the following
corresponds to that in Reference [42].) Here a tight-binding model is used to first
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Figure 2.7: Kataura plot presenting the position of the van Hove singularities in the density
of states of carbon nanotubes as a function of nanotube diameter as calculated using the tight-
binding method. Red circles and black dots represent metallic and semiconducting nanotubes,
respectively. From Ref. [32].

derive the real part of the dielectric function € (¢,w) in the random phase approxi-
mation, e.g. neglecting local electric fields. From this quantity, the unscreened
polarizability per unit cell, ay, is deduced according to

lime (q,w) =1+ %T ap(w), (2.9)

q—0

where () represents the area of the unit cell and ¢ is the wave vector. Due to
the cylindrical shape of a carbon nanotube, only two principal axes have to be
considered: the z axis parallel to the nanotube axis and the x axis perpendicular
to it. (As a consequence, only the xz and the zz element in the polarizability
tensor will be non-zero.) By choosing ¢ along either of these directions and then
performing ¢ — 0, ., and ag,, can be calculated. It follows that

Qoge ~ 7> and g, ~ L_, (2.10)

AFE

where r is the radius of the nanotube and AFE is the average energy of a single-
particle transition, which is of the order of the minimum direct band gap AFE.

In the next step a classical reasoning is used to determine the relation between
the unscreened polarizability ag and the screened polarizability o, which is the
experimentally accessible quantity. With p = oF and p = aoEtot, the crucial
parameter obviously is the local electric field Eloc = Etot “E. IE points along the
x direction, the existence of bound surface charges leads to a local depolarization
field. Under the assumption that this local field is constant inside the nanotube,

Qo

_ 2.11
1+ 200042 /72 ( )

Qg =
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is obtained. For E along the z direction, Eloc = 0 due to the absence of bound
surface charges. This, of course, is only true in the approximation of an infinitely
long nanotube. In the case of a finite length, charges will accumulate at the ends,
thereby building up a depolarization field. However, if the length is much larger
than the diameter of the nanotube this effect is negligible and therefore

Oy = sy (2.12)

The fact that—unlike «,,—a,, remains unscreened implies that for arbitrary
electric fields the induced electric dipole moment of a single-walled carbon nano-
tube always points primarily along the nanotube axis. As a consequence, it is
expected that nanotubes will align parallel to an external field.

According to Equation (2.10), the polarizability parallel to the nanotube axis
depends critically on the electronic band structure of the specific nanotube. In
particular, it diverges for metallic (n,n) nanotubes with AE = 0. For large-gap
semiconducting nanotubes an effective ¢,, ~ 30gq can be obtained [43]. g, on
the other hand, is completely independent of the tube chirality and band gap.

2.1.3. Optical characterization of SWNTs

Optical spectroscopy, including absorbance and photoluminescence measurements,
resonant Raman spectroscopy and time-resolved optical spectroscopy, provide an
efficient tool to characterize the electronic properties of single-walled carbon nano-
tubes, provided that individual nanotubes are examined. In particular, the elec-
tronic band structure and the phonon dispersion can be probed with these tech-
niques. However it turns out that due to the presence of excitonic effects the
single-particle picture is not sufficient for a detailed analysis.

Absorbance spectra and photoluminescence

As stated above, the accumulation of electronic states at the van Hove singularities
implies that the absorption of single-walled carbon nanotubes will be dominated
by transitions between these peaks [44]. However, when the incoming light is
linearly polarized, selection rules predict whether a transition between two vHs is
allowed or suppressed. Due to the strong depolarization effect in SWN'Ts perpen-
dicular to the nanotube axis, transitions between subbands with the same angular
momentum g prevail in the case of light polarized parallel to the nanotube axis,
yielding the Ej; energies [42,45]. In this interpretation the Kataura plot (see
Figure 2.7), in which the transition energies Ej; are mapped versus the nanotube
diameter, can be used to analyze the diameter range of the nanotube sample under
investigation. However for samples containing a wide selection of different (n,m)
nanotubes (especially for large diameter nanotubes), a detailed analysis of the
indices is not possible: The sharp absorption peaks of specific (n,m) nanotubes
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with similar F;; values form broad absorption features in the sample spectrum (see
Figure 2.13), thus hampering the assignment. If the diameter range and chiralities
present in the sample are known, the absorption spectra can be calculated [46].

When using cross-polarized light in an absorption measurement, transitions be-
tween valence and conduction bands with Ay = +1 are allowed. These mea-
surements can be used to probe the asymmetry between valence and conduction
bands.

Samples containing isolated SWN'Ts allow for the detection of photoluminescence
in semiconducting nanotubes [39], as do individual nanotubes grown suspended
on Si/SiOy substrates [47]. Photoluminescence maps can be measured by ex-
citing a sample with monochromatic light in a broad energy range, e.g. covering
EZ,i = 1-4, and detecting the emitted E7} [48]. The intensity of the observed fea-
tures can be related to the relative abundance of a specific (n, m) semiconducting
nanotube. This method is limited to isolated semiconducting nanotubes, since
non-radiative electron-hole recombination inhibits the FE;; emission in metallic
nanotubes. Therefore light emission from isolated metallic SWNTs or bundles

containing both semiconducting and metallic nanotubes is strongly suppressed.
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Figure 2.8: (a) Schematic of a photoluminescence process involving absorption via Fas and
emission via F11; dashed arrows indicate non-radiative relaxations. (b) Photoluminescence map
for SWNTs suspended in a surfactant solution. Each peak in the intensity corresponds to a Ej;
transition of a specific (n,m) nanotube species. From Ref. [49)].

Both absorption spectroscopy and photoluminescence measurements allow for
a comparative analysis of different nanotube samples. An absolute population
analysis, however, is not possible without a detailed knowledge of the optical
absorption efficiency and the cross section for photoluminescence efficiency as a
function of (n,m). Since both the efficiency and the Ej; levels strongly depend
on the environment, extensive studies are necessary either on the single-nanotube
level or using samples with known population [6].
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Excitons in carbon nanotubes

More accurate studies reveal a systematic deviation between the peaks in the
absorption spectra and the transition energies F;; between vHs. Comparing the
energies of one-photon and two-photon transitions in semiconducting nanotubes,
it was shown that the optical properties are in fact dominated by excitonic inter-
actions [50]. Due to the one dimensional character of single-walled carbon nano-
tubes, the Coulomb interaction between the optically excited electron-hole pairs
is strongly enhanced with respect to bulk semiconductors. The observed binding
energies are in the range of 0.3-0.4 ¢V, which can be correlated to a spatial extend
of the ground state exciton of R = 1.2nm.

Recently, the existence of bound excitonic states was also observed for metallic
carbon nanotubes [51]. However, due to enhanced screening in metallic nano-
tubes the calculated binding energies of ~ 50meV are much smaller than for
semiconducting nanotubes of similar diameter, in good agreement with theoreti-
cal predictions [52].

Resonant Raman spectroscopy

The inelastic scattering of light under the emission or absorption of an optical
phonon is called Raman scattering [53]. By measuring the Raman spectrum of
a material, i. e. measuring the intensity of the scattered light as a function of its
energy loss, an accurate probe of the material’s phonon frequencies is obtained.
The scattering intensity is very low when the intermediate electronic states are
virtual (non-resonant Raman scattering), but it is strongly enhanced if the optical
absorption or emission occurs to or from a real electronic state, in which case the
process is called resonant Raman scattering. In the case of single-walled carbon
nanotubes, the van Hove singularities in the density of states further increase the
intensity. Therefore it is possible to measure the signal of an individual nanotube
fulfilling the resonance condition, which makes resonant Raman spectroscopy one
of the most sensitive characterization tools available for carbon nanotubes [31].
Figure 2.9 shows Raman spectra of individual carbon nanotubes.

The two dominant Raman features of SWNTs are the radial breathing mode
(RBM) with wrpm between 120 and 350 cm™! for 0.7nm < d < 2nm and the so
called G band at 1550-1590 cm~!. The RBM corresponds to a coherent vibration
of all carbon atoms in the radial direction and is unique for carbon nanotubes.
It can be used to prove the presence of carbon nanotubes in a given sample and
to characterize the diameter distribution according to wrpy = A/d + B, where A
(cm™'nm) and B (cm™!) are to be determined experimentally with typical values
of A between 204 and 248 [55,56]. The G band in graphite involves a tangential
vibration between the two carbon atoms in the unit cell and exhibits a single
peak at 1582cm™! [6]. In SWNTs the G band is composed mainly of two strong
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Figure 2.9: Resonant Raman spectra of individual semiconducting (a) and metallic (b) carbon
nanotubes. The spectra show the radial breathing mode (RBM) and the G band, whose shape
depends strongly on the electronic type of the nanotube. This is emphasized in subfigures (c)
and (d) by a comparison of the G modes of individual semiconducting and metallic nanotubes,
respectively. Modified from Ref. [54].

features, G and G, associated with vibrations along the nanotube axis and along
the circumference, respectively. The splitting of the G band peaks as well as their
intensity depend on the chirality, but the exact relationship is not yet established
[6]. However, there is a strong dependence of the G~ line shape on the nanotube
type, which is often used to distinguish between semiconducting and metallic
nanotubes. The appearance of a Breit-Wigner-Fano line shape accompanied by a
downshift of the peak frequency is considered as indicator for metallic nanotubes

[57,58].

2.1.4. Fabrication and processing of SWNTs

The method of preparation and any further processing steps are essential for the
characteristics of a nanotube sample, i. e. structural properties (chirality, diameter
and length) and quality (amount of defects and impurities). Current challenges
for the various synthesis methods are on the one hand the development of large-
scale and low-cost processes yielding high-quality single-walled carbon nanotubes
and on the other hand control over the structural and electronic properties and
over the location on a substrate. So far, arc discharge [59], laser ablation [60] and
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chemical vapor deposition (CVD [61]) are the most commonly used production
methods allowing for bulk synthesis of SWNTs. Recently, ‘supergrowth’ of high-
quality vertically aligned SWNTs was achieved through a water assisted CVD
method [62]. Processing of the raw material can involve purification, e. g. by acid
treatment or centrifugation, debundling using ultra-sonification and stabilization
of the individual nanotubes in surfactant solutions [39].

Pulsed laser vaporization technique

The nanotubes used in this work were produced by the pulsed laser vaporization
(PLV) method [63,64]. They were synthesized and processed by Frank Hennrich.

The PLV technique is based on the vaporization of a carbon target by laser
irradiation under an inert atmosphere. A schematic of the laser vaporization
setup is shown in Figure 2.10. A Nd:YAG laser (1064nm, 0.5J/pulse, 30 Hz)
irradiates a target placed inside a T-shaped quartz tube, which is situated inside
an oven. The target, which is composed of graphite and Ni and Co powder as
catalyst (1 atom % each), is mounted on a ceramic rod and can be rotated or
axially translated to ensure a uniform consumption at a typical vaporization rate
of ~ 0.15g/h. In the vaporization process the temperature of the oven is 1150 °
and the inert atmosphere is established by 0.5bar Ar gas flowing at ~ 80sccm.
The gas flow ensures that the produced SWNT material can be collected on a
paper filter in a cold downstream region of the quartz tube.

Ar, 0.5 bar quartz tube

L [ 1150°C | /

3

il
I

C:Ni:Co target

Ar,05bar ~
¥, ¥.2 bat paper filter

ﬂ

laser beam to vacuum pump
Nd:YAG, Q-switched, 1064 nm

Figure 2.10: Schematic of the pulsed laser vaporization setup for the preparation of single-
walled carbon nanotubes. A Nd:YAG laser irradiates a target composed of graphite and Ni and
Co powder as catalyst and placed inside a T-shaped quartz tube, which is situated inside an
oven. The Ar gas flow ensures that the produced SWNT material can be collected on a paper
filter in a cold downstream region of the quartz tube. Modified from Ref. [64].

The raw material produced with this method contains bundles of metallic and
semiconducting single-walled carbon nanotubes with a narrow diameter distribu-
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tion of 1.0-1.5nm, but also impurities like carbon or catalyst particles. Further
processing is required to remove the impurities and debundle the nanotubes.

Preparing suspensions with individual nanotubes

To prepare stable suspensions of individual SWNTs, the raw material (typically
1mg) is first dispersed in DyO (~ 1ml) with 1weight % surfactant using a tip
sonicator. Subsequently the suspension is centrifuged (typically 20000 g for about
1 hour) and the supernatant is decanted to remove large agglomerates and non-
nanotube impurities. The resulting sample contains individual nanotubes sur-
rounded by adsorbed surfactant molecules (called surfactant micelle in the follow-
ing) which prevents the re-formation of bundles [39]. Additionally, the surfactant-
stabilized SWN'Ts can be fractionated according to their length by size-exclusion
chromatography [65]. The quality of the individualization can be probed by photo-
luminescence spectroscopy and atomic force microscopy (AFM). The latter allows
for statistics on the diameter and length distribution of a sample.

@]

|

o
CH3(CHz)10CH3

(a)

Figure 2.11: (a-c) Chemical structures of SDBS (a), sodium cholate (b) and Tris(hydroxy-
methyl)aminomethane (c). In Tris cholate the Na®™ ion of sodium cholate is substituted by a
Tris molecule.

In this work, suspensions with three different surfactants were used for compar-
ative studies: sodium cholate (NaCh), Tris cholate (TrisCh) and sodium dodecyl-
benzene sulfonate (SDBS). The chemical structure of these molecules is shown in
Figure 2.11. While SDBS features an anionic head group and a flexible hydropho-
bic tail, the bile salts (NaCh and TrisCh) exhibit a molecularly rigid structure with
charged face opposing a hydrophobic one, which is expected to interact with the
nanotube surface [66]. The results of molecular dynamics simulation [67] which
exploits the formation of micelle structures around single-walled carbon nanotubes
support this assumption (see Figure 2.12).

An efficient micelle formation around the SWNTs occurs only if the concentration
of the surfactant molecules is high enough to enable a spontaneous assembly into
groups. This value is called the critical micelle concentration (CMC) and depends
on the surfactant type. The micelle itself is a dynamic complex with a continuous
exchange of the constituting molecules and the neighboring molecules.
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Figure 2.12: Formation of surfactant micelles around SWNTs according to molecular dynamics
simulations. While SDBS molecules encapsulate the nanotube in a radial arrangement (a), NaCh
molecules align with their hydrophobic face pointing towards the nanotube surface (b). The
different colors illustrate C atoms of the nanotube (grey) and of the molecules (green), S atoms
(yellow), O atoms (red) and H atoms (white). From Ref. [67].

Alternatively to the above presented procedure, suspensions with individual
nanotubes can be prepared using density gradient centrifugation [68]. For nano-
tubes dispersed in NaCh (or other bile salts) this approach allows for a separation
by diameter due to differences in the buoyant density. In addition to that, it also
provides means to produce highly concentrated suspensions with SWNTs concen-
trations of the order 1 ug/ul.

Characterization of the suspension

To characterize the quality of the suspension, in particular the success of the
individualization of SWNTs and their diameter range, photoluminescence spec-
troscopy of the suspension and atomic force microscopy (AFM) of nanotubes spin
coated onto silicon wafers were employed [65]. For a qualitative comparison of
the content of metallic and semiconducting nanotubes in different suspensions,
absorbance spectra of the suspensions were taken with a Varian Cary 500 UV-
Vis-NIR spectrophotometer. Figure 2.13 shows a typical absorbance spectrum of
single-walled carbon nanotubes produced with the PLV method dispersed in D,O
with 1 weight % NaCh. The absorbance bands can be assigned to certain Ej;; tran-
sitions: the ‘M1’ band centered around 650 nm corresponds to the E{ transition
of metallic nanotubes, while the ‘S2” and ‘S1’ bands—centered around 950 nm and
1670 nm——correspond to the Ey, and EY| transition in semiconducting nanotubes,
respectively. The broadness of these bands is indicative for the diameter range of
the PLV nanotubes, d = 1.0-1.5nm.

Details of the suspensions used in this work are shown in appendix A.
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Figure 2.13: Typical absorbance spectrum of single-walled carbon nanotubes produced with
the PLV method dispersed in DO with 1weight % NaCh. The ‘M1’ band centered around
650 nm corresponds to the E{\{[ transition of metallic nanotubes, while the ‘S2’ and ‘S1’ bands—
centered around 950nm and 1670 nm—correspond to the Ej, and Ef; transition in semi-
conducting nanotubes, respectively.

2.2. Dielectrophoresis (DEP)

The motion of neutral particles under the influence of an inhomogeneous external
electric field is called dielectrophoresis (DEP) [13,69]. Since the dielectrophoretic
force is based on induced multipolar moments, it is observed only in nonuniform
electric fields with both DC or AC excitation. In contrast, electrophoresis—which
is based on the interaction between the net charge of a particle and the external
field—occurs also in uniform electric fields. If the polarizability of the particle
is larger than that of the surrounding dielectric medium, the dielectrophoretic
force points into the region of high field inhomogeneity, else it is repelled. These
two types are called positive and negative dielectrophoresis, respectively. The
magnitude of the dielectrophoretic force depends also on the particle volume. In
recent years, dielectrophoresis has emerged as an important technique to remotely
move and manipulate suspended micro- and nano-sized particles |21,70, 71].

2.2.1. Basic theory of dielectrophoresis

A dielectric material (with zero net charge) under the influence of an external
electric field experiences a polarization. Due to the movement of bound charges
within the material induced multipolar moments are formed.

Considering a particle (index p) surrounded by a liquid (index ¢), these multi-
polar moments are in general a function of the size and shape of the particle, the
external electric field Egy and the dielectric constants €, and ¢,. For a lossy par-
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ticle exposed to an alternating electric field Eog(7,t) = R [EO(F) exp(z‘wt)}, the

multipolar moments also depend on the conductivities o, and o, and the angular
field frequency w.

Within the dipole approximation of the effective moment theory higher order
terms induced by the electric field are neglected [13]. Except for the case where
the particle is located near zero field, this approximation yields accurate results as
compared to full Maxwell stress tensor calculations [72]. The particle is assumed
to be small compared to the characteristic length scale of the electric field, i. e. VE
is constant along the length of the particle. It is also assumed that the presence
of the particle does not change the surrounding electric field [69]. The energy
of the induced dipole in the electric field and the dielectrophoretic force then
follows from U = —%ﬁeff Epg and F = —VU using the appropriate form of pug.
In addition to the dielectrophoretic force, particles which exhibit an anisotropy
due to either intrinsic—e. g. dielectric—or extrinsic—e. g. structural-—properties
experience a dielectrophoretic torque given by the expression T = Doff X Eot.

Spherical particles

The simplest case is that of a homogeneous spherical particle with radius r, whose
effective dipole moment is given by

g = dnrte R 2—L ) E with €* , = e, — i—2=. 2.13
Peft ¢ (25}? +e5 0 p:t Pt w ( )

The term (e}, —¢7)/(2¢7 +¢},), which is called Clausius-Mossotti function (CMF),
provides a measure of the effective polarization of the particle as a function of €
and e5. Its precise form depends on the shape of the particle.

With the approximation that the frequency of the electric field is sufficiently high
and the particle therefore only responds to time averages [69], the time averaged
dielectrophoretic force can be written as

*

<FDEP> = i, R <p—6) grad ‘EO

* *
25( +ef

2

(2.14)

Ellipsoidal particles

For an ellipsoidal particle the dipole moment depends on the orientation of the
particle with respect to the external field.! The geometric anisotropy of the parti-
cle alters the internal electric field E; of a particle with semi-major axes a, b and ¢

LOf the non-spherical particles, ellipsoidal particles are the only ones for which the dipole
moment is analytically describable.
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(w.l.o.g., a > b, c¢) such that

E = o

= Ey; with 2 =1,2, 3. 2.15
7 Ez + (5;1 _ EZ) Li 0, ( )

L; is the depolarization factor in the coordinate system of the ellipsoidal particle,

with ) - p
abe s

Li=— e 2.16

! 2 /0 (s +a?)R,’ (2.16)

where R, = /(s +a?)(s+0%)(s+c?). Ly and Ly are defined by expressions
similar to Equation (2.16), in which the term (s + a?) is then substituted by
(s +b?) and (s + ¢?), respectively. It follows that 0 < L; < 1 and L;+Ly+Ls = 1.2

From this the effective moment in the particle’s coordinate system can be derived
as follows

a1 0 0 E071
Peft = 0 ap 0 Eo2 (2.17)
O 0 Q33 E()’g
with ay; = — 2%, R pi (2.18)
3 e; + (g5, — &) Li

The time averaged dielectrophoretic torque is given by the expression

(Toep), = %% [(peff)ﬁ Eon — (pett),, Eo,g] (2.19)

with a, 3, v =1, 2, 3 in the particle’s coordinate system. With Equations (2.17)
and (2.18) it follows for ellipsoidal particles

1 4mabe

<TDEP>a:§ 0,8E0,~ 3 et

€58 — €1 B Epny — €L
g+ (5;5 — 5}‘) Lg e, + (sz‘w — 5}‘) L,
(2.20)
While the dielectrophoretic torque can be specified within the particle’s coordi-
nate system, the dielectrophoretic force is generally defined in the global coordi-
nate system. For this a coordinate transformation from the particle’s to the global
system is necessary:

ﬁeﬁ =R jp4R with rotation matrix R. (2.21)

Obviously, the expression for the dielectrophoretic force acting on an ellipsoidal
particle is much more complicated than in the case of a spherical particle. How-
ever, assuming a rod-shaped particle with a >> b = ¢ to be aligned with its

ZNote that the use of Ep.i

properties of the particle.

in Equation (2.15) also allows for an anisotropy in the dielectric
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long axis parallel to and positioned on the axis of an axially symmetric field, the
dielectrophoretic force resembles that for a sphere:

- 2 e —e OF?
<FDEP> _ b Pl "t 0z (2.22)
ST \Ep —E) Ll

From this, Equation (2.14) for the special case of a spherical particle can be easily
reproduced with a =b=c=rand L; = 1/3.

2.2.2. Dielectrophoresis of single-walled carbon nanotubes

In the field of carbon nanotube research, dielectrophoresis was first introduced as
a tool to assemble and contact individual or bundled single-walled carbon nano-
tubes on predefined electrode structures [12,22]. It was then demonstrated that
dielectrophoresis allows for a electronic type specific sorting of SWNTs due to the
difference in polarizability of semiconducting and metallic nanotubes [11].

Assembly by dielectrophoresis

Single-walled carbon nanotubes are considered to hold great promise as building
blocks in future nanoscale electronics such as field effect transistors or intercon-
nects due to their nanoscale dimensions and outstanding electronic properties like
ballistic transport and insensitivity to electromigration [73-75]. The controlled
assembly and contacting of the nanotubes is a prerequisite for an effective device
fabrication.

p-type Si

Figure 2.14: Single-walled carbon nanotube assembly by dielectrophoresis. (a) Schematic
drawing of the layout for SWNT assembly. (b) SEM and AFM image of one individual SWNT
deposited by dielectrophoresis. Modified from Ref. [12].

Figure 2.14(a) shows a schematic layout of an electrode structure that allows for
the precise deposition of individual single-walled carbon nanotubes onto multiple
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submicrometer electrode pairs by dielectrophoresis [12]. The device consists of Ag
electrodes on a p-type silicon substrate with a thin layer of thermally oxidized
SiOs. A unique feature of the setup is the fact that the AC signal is applied only
to one driven electrode, while the other electrode is capacitivelly coupled with the
grounded Si substrate, which allows to upscale the process to high-density arrays.
In addition, the deposition process exhibits a self-limiting behavior resulting in
the assembly of merely one or few individual nanotubes per contact. Both topics
will be discussed in greater detail in Section 4.2. An example of an individual
nanotube deposited onto Ag electrodes is shown in Figure 2.14(b).

Separation of metallic and semiconducting nanotubes

An analysis of the metallicity of the nanotubes deposited between electrode pairs
by dielectrophoresis at a frequency f = 1 MHz reveals a selectivity of the process
towards metallic nanotubes, suggesting that AC dielectrophoresis might allow for
a electronic type specific separation at high field frequencies [12|. This was verified
in Reference [11].
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Figure 2.15: Electronic type specific separation of SWNTs. (a) Illustration of the experimen-
tal setup showing metallic SWNTs (depicted as black rods) deposited between interdigitated
electrodes, while the semiconducting nanotubes (depicted as white rods) remain in suspension.
(b) Dielectrophoretic deposition of semiconducting and metallic SWNTs versus electric field
frequency w and conductivity o, of the suspension. Deposition of metallic and semiconducting
nanotubes is marked by blue open circles and red filled circles, respectively. Taken from Ref. [11]
and [25].

The inhomogeneous electric field in this experiment was generated by interdigi-
tated Au electrodes. In this setup the dielectrophoretic deposition is not limited to
individual nanotube contacts—instead a large number of nanotubes is deposited
between the electrodes. By applying a high-frequency AC voltage to the pair of
interdigitated electrodes, the metallic nanotubes are attracted to and deposited
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between the electrodes, while the semiconducting nanotubes remain in the sus-
pension, as illustrated in Figure 2.15(a). To verify the separation and prove its
efficiency, resonant Raman spectra of the samples after deposition are recorded.
A comparison with the Raman spectra of a reference sample shows that (80+5) %
of the deposited nanotubes are indeed metallic.

The dielectrophoretic deposition turns out to strongly depend on the experi-
mental conditions, in particular the electric field frequency f = w/27 and the
conductivity o, of the suspension, which is determined by the type and concen-
tration of the surfactant [25]. The result of a systematic study of this dependence
for SWNTs dispersed in SDBS is presented in Figure 2.15(b), revealing a cross-
over from positive to negative dielectrophoresis for semiconducting nanotubes at
a critical frequency f., which depends on the surfactant.

The above findings were explained using a generalized form of Equation (2.22)

<ﬁDEP> = mgm&z%

* *
e — €
* *
ep + (5 — ) Ly

VE?, (2.23)

i. e. considering the nanotubes as rod-like particles. The depolarization factor L
is of the order of 1075 for the nanotubes used in the experiment. The high- and
low-frequency limit of the Clausius-Mossotti function (C'M F') is then given by

Ep — &¢

lim CMF = and (2.24)
w—00 Ey

lim OMF = 72— %%, (2.25)
w—0 gy

In the case of metallic nanotubes, both dielectric constant and conductivity are
higher than those of the liquid and the nanotubes therefore experience a posi-
tive dielectrophoresis irrespective of the field frequency. The observed cross-over
for semiconducting nanotubes on the other hand implies that the conductivity is
higher and the dielectric constant is lower than for the aqueous suspension. While
the latter agrees with the theoretically predicted low dielectric constant (Section
2.1.2), the positive dielectrophoresis for low frequencies obviously contradicts the
zero intrinsic conductivity of semiconducting nanotubes. To solve this contradic-
tion, a finite surface conductivity was suggested to extist in the semiconducting
SWNTs caused by the diffusive ions of the surfactant molecules [25].

As explained in Section 2.1.3, resonant Raman spectroscopy depends on the re-
sonance condition, i.e. for a specific excitation wavelength only those nanotubes
contribute to the signal whose transition energy equals the excitation energy. Op-
tical absorbance spectroscopy on the other hand measures any nanotubes present
in a sample and thus provides a fast and reliable tool to compare the composition
of different samples. However, while the Raman features of carbon nanotubes
are easily distinguishable from additional (background) features caused for exam-
ple by the silicon substrate, the differentiation between sample and background
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Figure 2.16: Thin films of single-walled carbon nanotubes and their optical absorbance spectra.
(a) SEM image showing a thin film of SWNTs deposited by DEP onto an array of interdigitated
electrodes. The inset illustrates the absorbance measurement in transmission. (b) Absorbance
spectra of thin films of SWNTs deposited with AC-frequencies as specified in the graphs. Taken
from Ref. [26].

contribution is more difficult in the case of optical absorption spectroscopy. Con-
sequentially, a higher amount of nanotubes is required for a good signal-to-noise
ratio in the case of optical absorption as compared to Raman spectroscopy.

By using Al electrodes on quartz glass substrate and a higher AC voltage, the
yield of the dielectrophoretic deposition can be increased sufficiently to observe
absorbance spectra with a good signal-to-noise ratio [26]. Figure 2.16(a) shows
an SEM image of a thin film of metallic carbon nanotubes and a schematic of the
experimental setup to acquire the absorption spectra measured with a Fourier-
transform infrared (FTIR) spectrometer in transmission mode. The resulting
spectra for different concentrations of NaCh are presented in Figure 2.16(b). The
decrease in the S2 band for SWNTs dispersed with 1 weight % NaCh with increas-
ing field frequency clearly confirms the preferential deposition of metallic nano-
tubes under these conditions. The situation changes drastically for 0.1 weight %
NaCh, in which case no preferential deposition whatsoever is observed, because
this concentration falls below the critical micelle concentration for NaCh. These
results demonstrate that a high degree of individualization of the suspensed nano-
tubes is essential for the success of the dielectrophoretic separation.

2.3. Finite element simulations

For the assembly and separation of SWNTs a number of different experimental
setups/electrical devices are used, each providing a characteristic external electric
field. To optimize the dielectric force fields for a specific application and to better
understand the experimental observations it is necessary to model and visualize
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the electric fields. This is achieved by the use of finite element simulations.

2.3.1. Principles of finite element simulation

The finite element method (FEM) is a numerical technique used to find approxi-
mate, but numerically stable solutions for partial differential equations (PDEs) or
integral equations. In the next section the basic principle of FEM will be sketched
similar to Reference [76].

Weak formulation

Assuming a PDE of the following form

—Au=f
ulp, =7 Dirichlet boundary (2.26)
0
_u’FQ =0 Neumann boundary,
on

where u = u(x,y, z) (similarly f = f(x,y, z) etc.) and Au exists within a domain
Q) with boundaries 92 =T'; UT's.

In a first step such a PDE is rephrased into the corresponding variational formu-
lation (also called weak formulation). When deriving the weak form one generally

aims to minimize the highest order of derivatives that occur in the integrals. The
weak form of the above PDE (2.26) is given by

Find u smooth, such that wu|r, =~ and

(2.27)
/ Vu-VoudA = / fvdA for all smooth v|p, = 0.
Q Q

The smooth function v is referred to as test function.

Discretization

The second step is the discretization of the weak form. The domain €2 is divided
into subdomains €2; with ¢ € {1,...,n}, which are called ‘finite elements’ (see
Figure 2.17). Within each of these subdomains Equation (2.27) holds true, but
the integration now runs over €); which is of much smaller dimension than 2. To
complete the discretization u is now written as a sum of basis functions ¢; in §2;
which satisfy

ilr, = 0. (2.28)

These functions might be polynomials or trigonometric functions, depending on
the context. Note that the choice of the basis functions strongly influences the
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accuracy and speed of the solution. Then

n

U= Zcigpi —u as n— 0o, (2.29)

i=1

where 4 is the approximate solution.

Figure 2.17: finite element discretization in 2d: (a) a triangular subdivision of the domain ;
(b) a typical basis function ¢,. From Ref. [77].

Assuming that the test functions v|r, = 0 are represented by the set of ¢;, the
finite element representation of the weak form (2.27) is:

Find the set of constants {c,...,c,}, such that

Z/ij%‘ -V dA = / foidA forall ¢e€{l,....,n}. (2.30)
j=1 T r
For an efficient solution, the discretization matrix A with
Aij = / Vi Vi dA (2.31)
r

should contain as many zeros as possible. The ideal choice of {¢;} for this would
be a set of orthogonal functions; since this is often not possible in practice, {¢;}
are chosen such that

¢ 14l
Aij{#O or j=1i—1,i,i+ (2.32)

=0 else.

Equation (2.30) implies a set of linear equations of {¢;}. With the definition of
the vectors x = (c1,¢2,...,¢,)" and b = (by,ba, ..., b,)7T, where b; = [, fo; dA,
this set of linear equation can be written as Ax = b.
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The solution process

Finding a solution for the original PDE (2.26) now implies solving the set of linear
equations represented by Ax = b. A commonly used approach for systems with
a high number of variables is the use of an iterative method. While the direct
approach would be to calculate the inverse of the matrix A (which would be very
expensive in terms of computing power or even impossible), an iterative solution
process attempts to solve a problem by finding successive approximations to the
solution starting from an initial guess.

A limited number of problems can be solved by stationary iterative methods,
e.g. the Jacobi method. Starting with an initial guess xg this method solves the
equation D 2% = b+ (D — A) 2%, k € {0,1,2,...}. It can be shown that this
algorithm only converges if the matrix A is strictly diagonally dominant, meaning
that for each row the absolute value of the diagonal term is greater than the sum
of absolute values of other terms.

The so called Krylov subspace class represents a class of completely different
methods to iteratively solve a system of linear equations. While the mathemat-
ical theory is very complicated, a common feature of these methods is that the
algorithm involves only matrix-vector multiplications, which is very efficient if the
matrix contains many zeros, and then proceeds with the resulting vectors. These
methods are fast converging and also suitable for large systems.

Improving the accuracy of the simulation

To improve the accuracy of a finite element simulation, i. e. diminish the error in
the approximative solution, there are mainly two options. One consists in reduc-
ing the sizes of the subdomains especially in regions with high residual errors, the
other option is to redefine the basis function, e. g. increase the degree of polynomi-
als. Both methods obviously result in more complex systems, resulting in longer
computation times.

2.3.2. The FlexPDE package

For the simulations shown in this work the software package FlexPDE 5 was used,
a commercial finite element solver for partial differential equations |78§].

Solution process

FlexPDE can solve systems of PDE of first or second order in various coordinate
systems (cartesian or cylindrical coordinates). In a first step the software reduces
second order terms through integration by parts (weak form). A mesh generation
module then divides the problem domain—in two dimensions this mesh consist
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of unstructured triangular cells, while in three dimensions the mesh is formed by
unstructured tetrahedrons. (Cells in contact with a curved boundary have cell
sides which are slightly curved.) The numerical analysis module selects a solution
scheme appropriate to the given problem and defines quadratic or cubic basis
functions. During the iterative solution process the mesh is redefined in regions
where the approximate solution has a large residual error. When the user defined
accuracy is achieved, the solution or any algebraic function of the solution can be
plotted. (For a more detailed discussion, see Reference [79].)

Basic usage of FlexPDE

Any simulation done with FlexPDE is based on a script written by the user which
defines the physical situation to be modeled. In this script a number of control
parameters are specified (e. g. the coordinate system or the accuracy), the depen-
dent variable is named and the PDE to be solved is stated. The geometry of
the domain and the relevant boundary conditions are described by walking the
perimeter of the domain. If the domain consists of regions with differing material
parameters, these regions are defined successively. Here, in case of overlap, later
defined regions will overwrite regions defined before.

Some comments

In general, the automatic mesh generation by FlexPDE works rather well. In
some cases it might be advisable to manually define a certain mesh density in
regions where the solution is expected to vary significantly. This can speed up the
solution process.

While a problem domain in a two-dimensional simulation can be arbitrarily com-
plex, the definition of three-dimensional structures in FlexPDE is more restricted.
After dividing the vertical range into several layers, predefined two-dimensional
structures are extruded in specific layers and thereby a three-dimensional domain
is constructed. Thus, extrusion of a two-dimensional circle results in a cylinder
with a vertical axis, as depicted in Figure 2.18. Layer interfaces as well as extru-
sion sidewalls may be non-planar but must not intersect.

One disadvantage of this software package is its inability to compute path or
surface integrals of the solution along arbitrary lines and surfaces. Instead, only
integrals along boundaries are accessible. Another drawback is the fact that—
except for a few exceptions, see e.g. Figure 6.1—it is generally not possible to
plot a map of field lines for a given electrostatic problem. Therefore in this work
combined maps of the electrostatic potential (illustrated in a color plot) and the
electric field (represented by vectors) are shown, as in Figure 4.12. Unlike in the
case of field lines, the vector density in these plots does not correspond to the field
strength.
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Figure 2.18: Creating a three-dimensional domain in FlexPDE: The z range is divided into
three layers and a circle is defined in the z-y plane. By extrusion of the circle in layer 2, a
cylinder is generated within this layer.

2.3.3. Choice of the partial differential equation and
appropriate boundary conditions

The electrical potential of an oscillating field of frequency w can be expressed by
a potential ® (Z,t) = R[® (Z) e™!] where & = PR + Py is the potential phasor.

The electric field is then given by E (Z,t) = R[E (7) €] with E = —V&.

Considering the electromagnetic material properties, the system dimensions and
the frequency used in a typical SWNT dielectrophoresis experiment, magnetic
effects can be safely ignored. It is therefore appropriate to work with the Maxwell
equations in the quasi-electrostatic limit [80], where the potential is given by [81]

V[(o + iew) V®] = 0. (2.33)

Unlike in traveling wave dielectrophoresis, where the phase shift between the po-
tential applied to neighboring electrodes is 90°, the phase shift between two elec-
trode tips (see e.g. section 4.2) or in an interdigitated electrode setup (see section
4.3) is 180°, i.e. the potential phasor is entirely real, such that & = ®g.

To find an unique solution to Equation (2.33) boundary conditions have to be
specified. To any metallic surface connected to a voltage source the Dirichlet
boundary condition ® = P, is applied. Thereby the potential within the metal
volume is fixed and no electric field exists inside. As a consequence, depending
on the geometry to simulate, it sometimes suffices to define the metallic surface
and exclude the metal volume from the simulation. To non-metallic surfaces the
Neumann condition 0®/0n = constant can be employed, resulting in a continuous
normal component of the dielectric displacement D. In the absence of free surface
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charges, constant = 0. Apart from internal boundaries of non-metallic materials,
this equation is also applied to external boundaries representing symmetry planes
or very distant boundaries.

A double layer between the metallic electrodes and the bulk electrolyte can be
modeled by a capacitor between the electrode surface and the bulk resulting in a
mixed boundary condition ® — %g—f = ®, [80]. If the experimental frequency is
above the ionic charge relaxation frequency (7,)”' = o/e = 2xf,, the formation
of double layers at the electrode surfaces can be ignored. For frequencies f < f,,
the influence of a double layer can be probed experimentally by impedance spec-
troscopy of the sample within the critical frequency range (see Section 3.1). Ac-
cording to the measurements, the double layer can be neglected at the operational

frequency for any system studied in this work.

Under these conditions the problem is well described within the electrostatic limit
where the potential is determined by the Laplace equation

V (eV®) = 0 (2.34)

and with the potential at the electrodes equal to the applied voltage ®.

The main purpose of the simulations presented in this work is to visualize di-
electric forces acting on SWN'Ts in aqueous solution due to electronic potentials
being applied to electrodes of a specific geometry. Nevertheless the explicit physi-
cal presence of the nanotubes is ignored in most calculations (see sections 4.1 and
4.3). Unless in a few cases this is a valid approximation—although the dielectric
constant of the SWN'T can differ strongly from the dielectric constant of the sur-
rounding media, its extremely small size compared to the typical dimensions of
the electrodes causes the distortion of the field in the vicinity of the nanotube to
be negligible. Therefore the nanotube can be omitted from the simulation, thus
reducing the computation time dramatically.

This argument no longer holds true if a nanotube connects a pair of electrodes
one of which is at a fixed potential while the other is electrically floating. Such a
situation is discussed in sections 4.2 and 4.4.
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3. Absorption spectra of thin
films of single-walled carbon
nanotubes

The dielectrophoretic deposition of single-walled carbon nanotubes onto interdigi-
tated electrode structures (IDEs) enables the production of thin film of carbon
nanotubes, whose composition can be probed with optical absorption spectroscopy
(see Section 2.2.2). In the following study the yield and separation efficiency of
this process is examined under variation of characteristic parameters, e. g. the type
of surfactant, the conductivity of the suspension and the nanotube concentration.
It turns out that due to the very large electric fields used in this survey, the cross-
over frequencies for semiconducting nanotubes reported before no longer hold true.
Instead both electronic types of nanotubes are deposited on the electrode array,
but they exhibit a severe difference in their alignment with respect to the elec-
tric fields during deposition. These effects can be explained using an advanced
model of nanotube dielectrophoresis, which incorporates for the first time both
the longitudinal and transversal polarizability.

3.1. Experimental

3.1.1. Dielectrophoretic deposition of single-walled carbon
nanotubes onto interdigitated electrodes

The experiments are conducted using a procedure similar to that described in
Reference [26]. The interdigitated electrode structure, which was provided by
Dr. Rapp from the Institut fiir Mikrostrukturtechnik at the Forschungszentrum
Karlsruhe, is illustrated in Figure 3.1. The electrodes are made of either 145 nm
thick pure aluminum or 54 nm thick gold, structured on a 500 um quartz glass
substrate by optical lithography. The width of the electrode fingers as well as
the gap between them is 1.8 um. Each sample contains two active areas—in the
following called A and B—of approximately 0.15 mm? size, which can be individ-
ually connected to an AC voltage source. For this purpose, the sample is mounted
on a ceramic package/chip carrier and the bonding pads are connected by wire-
bonding to the leads (see also Figure 2.15(a)). To apply a continuous AC voltage
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an Agilent 33250A Function/Arbitrary Waveform Generator is used, whose signal
is amplified with a Empower RF Systems High Power RF Amplifier.

Figure 3.1: Schematic of the interdigitated electrode structure. On each sample there are
two active areas (marked in orange), which can be individually connected via the bonding pads
(green). The width of the fingers and the gaps are f = g = 1.8 um, the size of the active area is
W - B = 0.15mm?.

After placing a droplet of 15 ul of nanotube suspension onto the electrode array,
an AC signal is applied to the sample. During the duration of the experiment, the
active area of the sample is observed through a light microscope to monitor the
formation of the nanotube film. After switching off the AC voltage, the sample is
rinsed with HoO and gently dried off with nitrogen gas.

In Reference [26] a peak-to-peak voltage of V},, = 20 V was applied for ¢ = 5 min.
In this work the peak-to-peak voltage was increased to V;,, = 40 V! correspond-
ing to an electric field E,, of the order of 2 - 10" V/m. For high solution con-
ductivity such large fields cause electrothermally induced motion of the liquid
obstructing dielectrophoresis [80], which is observable under a light microscope.
It was found that electrothermal motion can be efficiently suppressed by using
AC-voltage bursts of duration ton = 10ms and period 7 = 80ms instead of a
continuous signal. The total deposition time ¢ = 10min was chosen such that
V2 - teg with teg = t - ton/7 is equal to (20V)? - (5min) as in Reference [26].%
To generate the pulsed AC signal, a second Waveform Generator is employed as
external trigger.

1Unless stated otherwise, this peak-to-peak voltage was used for the preparation of all samples
presented in the following.

2With Fpgp Egp and p = f Fdt, szp - teg 1s a measure for the momentum of the nanotubes
under dielectrophoresis.
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Typical characterization of the samples include

e impedance spectroscopy before and after the deposition to qualify the elec-
trical contact between the nanotubes and the electrodes (see Figure 3.3)
and

e observation of the sample during the dielectrophoretic deposition with a
light microscope to monitor the formation of the nanotube film and to detect
electrothermally induced motion of the liquid.

After the sample has been rinsed and dried, further characterization involves:

e incident light dark field microscopy and scanning electron microscopy (SEM)
to determine the homogeneity of the deposited nanotube film (see Fig-
ure 3.6(a)),

e atomic force microscopy (AFM) to measure the thickness of the nanotube
film (see Figure 3.6(b)),

e optical absorption spectroscopy (see Figure 3.8) and

e resonant Raman spectroscopy to specify the composition of the film and
thereby the degree of separation (see Figures B.8 and B.9).

In this work the characteristic dielectrophoresis parameters were varied in inde-
pendent series of experiments. First, the dielectrophoretic deposition experiment
was conducted at a fixed frequency of f = 10 MHz using single-walled carbon
nanotubes produced with the PLV method and dispersed in different surfactants:
Suspension #24.2 and 24.4, which contain long nanotubes (~ 1000nm) in D2O
with 1 weight % NaCh, Suspension #26.3 containing long nanotubes dispersed in
DO with 1 weight % TrisCh and finally Suspension #23.12, which contains short
nanotubes (~ 300 nm) dispersed in DO with 1 weight % SDBS (see Appendix A).
Next, the electric field frequency was varied between f = 300 kHz and f = 80 MHz
using Suspension #26.3. Finally, at a fixed frequency of f = 80 MHz the concen-
tration of Suspension #24.4 was varied by diluting the original suspension with
pure surfactant solution. The results and interpretations presented in Section 3.2
were obtained by taking the experimental observations of any of these series into
account.

3.1.2. Morphology of the samples

In earlier experiments, gold was used as material for the interdigitated electrodes
[11]. However comparing the amount of nanotubes deposited by dielectrophoresis
under equal experimental conditions on both Au and Al electrodes it turns out
that a much higher yield is reached using Al electrodes.
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Figure 3.2: Morphology of nanotubes deposited on Al and Au electrodes under similar exper-
imental conditions. In the case of Al electrodes (a), the nanotubes form a dense and continuous
network and contrast changes in the SEM image are mainly due to differences in the local mor-
phology. On the other hand, only few nanotubes are deposited onto the Au electrodes (b) and
the material properties of quartz glass (dark), gold (semi-bright) and carbon nanotubes (bright)
cause strong differences in the local contrast.

Figure 3.2 shows SEM images of nanotubes deposited under similar conditions on
Al and Au electrodes. In the case of the Al electrodes (Figure 3.2(a)) a continuous
film of nanotubes covers both the electrodes and the gap between them (see also
Figure 3.6(a)). The small contrast observable in the SEM image is mainly due
to local variations in the morphology. The image of nanotubes deposited on Au
electrodes (Figure 3.2(b)) on the other hand shows strong differences in contrast
which arise from the material properties of nanotubes (bright), gold (semi-bright)
and quartz glass (dark). Obviously, in this case, the amount of nanotubes on
the electrode array is significantly smaller compared to the Al electrodes and the
nanotubes do not form a compact network.

The enhanced yield of deposited nanotubes when using Al electrodes is attributed
to the natural oxide layer which covers the surface of the Al electrodes and de-
grades the electric contact between the electrode fingers and the nanotubes de-
posited between them. Another consequence of the oxide layer is the observation
that heat dissipation in the evolving nanotube film is greatly suppressed when
using Al electrodes as compared with Au electrodes.

3.1.3. Impedance spectroscopy of the electrode arrays

Impedance spectra in the frequency range f = 50-10° Hz were measured routinely
before and after the dielectrophoretic deposition for all samples with an Agilent
4284A Precision LCR Meter. In addition, a few samples were probed with an
Agilent 8712C RF Network Analyzer in the frequency range f = 3-10°-1.3-10° Hz.
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Gold and aluminum electrodes

Impedance spectroscopy on interdigitated electrodes after deposition of single-
walled carbon nanotubes allows to test the quality of the electronic contact be-
tween the nanotubes and the electrodes. A comparison between Al and Au elec-
trodes should reveal a fundamental difference in the electronic contact due to the
natural oxide layer covering the Al electrodes.
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Figure 3.3: Impedance spectra of interdigitated electrode structures. Plotted are the absolute
value of the impedance |Z| and the phase © versus frequency for Al (a) and Au electrodes (b).
The Al sample shows a purely capacitive behavior before and after dielectrophoretic deposition.
The Au sample becomes purely ohmic after the deposition of nanotubes.

Figure 3.3 shows a comparison between the impedance spectra measured for Al
and Au electrodes before and after deposition of nanotubes dispersed in TrisCh
(suspension # 26.3).> Before the deposition both structures show a purely ca-
pacitive behavior (0 ~ —90°) with Capipg = 3.26 pF and Ca,pg = 0.824 pF.
These numbers are within the typical range determined by measurements on other
structures.

After a dielectrophoretic deposition using the standard parameters of ¢ = 10 min,
ton = 10ms and 7 = 80 ms with a deposition frequency f = 10 MHz, the Al struc-
ture is still purely capacitive, but the capacitance is higher by up to two orders
of magnitude, e.g. for the sample shown in Figure 3.3(a) Cswnr.im = 155.86 pF.
A comparison of the capacitance values and the nanotube film extension as es-
timated by SEM and light microscopy reveals a clear correlation between these
quantities, which can be explained qualitatively in the model of a parallel plate
capacitor (C' o< AswNT-fim/da,05, With the area of the nanotube film AgwNT. film

3SEM images of the nanotubes deposited on those samples are shown in Figure 3.6(a) and
Figure B.3.
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and the oxide thickness da;,0,). A detailed analysis of the functional dependence
was not in the focus of this work.

A very different situation is observed in the case of the Au electrodes, as presented
in Figure 3.3(b). This sample was prepared with a deposition frequency f =
300kHz.* Due to severe heat dissipation the duration and period of the pulsed
AC-voltage were reduced to ton = 0.5ms and 7 = 4ms and the deposition was
stopped after only ¢ ~ 5s. The sample shows a purely ohmic behavior (6 ~
0°) and the resistance is R = 7.69€). These results clearly demonstrate that
the aluminum oxide layer inhibits a metallic contact of the nanotubes to the
electrodes—which leads to a short-circuiting of the AC voltage, obstructing further
dielectrophoresis—and thereby allows for an assembly of continuous nanotube
films.

Impedance spectra in the high-frequency range

As stated before, the impedance of a few samples was additionally measured in
the high-frequency range. The spectra presented in Figure 3.4 were obtained by
combining the data of the LCR Meter (f = 50-10° Hz) and the Network Analyzer
(f = 3-10°-1.3 - 10°Hz). The results of the two measurement methods match
very well.
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Figure 3.4: Combined impedance spectra in the low- and high-frequency range for the inter-
digitated electrode structure after application of 15 ul of pure surfactant solution (no nano-
tubes) (a) and for several samples containing nanotube films (b). In the high frequency range
(f > 200MHz) the total impedance is dominated by an inductive component, that originates
from the interdigitated electrode structure. The ‘wave-like’ variation of the impedance in (a) is
caused by the presence of constant phase elements (CPEs).

4The absence of an insulating oxide layer in the case of Au electrodes allows for a deposition
at low frequencies.
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The impedance spectra of the interdigitated electrode structure after application
of 15 ul of pure surfactant solution (no nanotubes) of various types is presented
in Figure 3.4(a). Figure 3.4(b) shows the impedance spectra of several samples
prepared by dielectrophoresis from nanotubes dispersed in TrisCh (suspension #
26.3) with ¢ = 10min, toxy = 10ms, 7 = 80ms and f = 10 MHz. SEM images
of the corresponding samples are shown in Figures B.1(a), B.1(b) and B.2. Two
interesting features can be observed in these plots: In the high-frequency range
(f > 200 MHz) the total impedance is dominated by an inductive component.
Since this inductance is present in both systems, it must originate from the inter-
digitated electrode structure or the wiring that is used to contact the devices and
does not result from the presence of nanotubes. Furthermore there is a ‘wave-
like” variation of the impedance in Figure 3.4(a). These can be explained by so-
called constant phase elements (CPEs). Following the notation of Reference [82],
the impedance of a constant phase element @ is given by 1/Z = (iw)" Ay with
0 < n < 1.0. For n close to 1.0, the CPE resembles a capacitor with a con-
stant phase angle somewhat less than 90 °. CPEs have been identified in electrical
circuits containing metal-insulator-liquid interfaces [83].
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Figure 3.5: Equivalent circuit for interdigitated electrode structures with pure surfactant
solution (a) or in the presence of a nanotube film (b). In subfigure (a), Q1 and Q2 mark the
constant phase elements.

The equivalent circuits for the interdigitated electrode structures with nanotube
film or surfactant solution are illustrated in Figures 3.5(b) and 3.5(a), respectively.
Assuming these networks the impedance spectra can be fitted. However, the
fit involves up to 7 parameters and its result strongly depends on the choice of
initial values. Therefore only the order of magnitude of the parameters will be
reported here: As stated before, the capacitance of the interdigitated electrodes
and of the nanotube film are Cipg ~ 1 pF and Cswnr-fiim ~ 10-100 pF. The other
parameters were determined as: inductance L ~ 1078 H, resistors R; ~ 1kQ) and
R, = 10k and CPEs Q; and Qg with n = 0.8, Ag; = A2 = 10~7F. The two
parallel resistances arise from an ohmic conduction through the liquid between
the electrode fingers on the one hand and between the large bonding pads on the
other hand (see Figure 3.1).
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3.2. Results and discussion

3.2.1. Polarization dependent absorbance spectra of SWNT
films

Figure 3.6: SEM and AFM image of a SWNT film on interdigitated electrodes. (a) The SEM
image shows a section of the sample containing one gap (dark gray area) and two half electrodes
(light gray areas), both covered completely with a continuous film of dielectrophoretically de-
posited nanotubes. (b) AFM image of the same SWNT film (with different magnification). The
areas with light brown background correspond to three electrodes, the darker background marks
the gaps. The thickness of the nanotube film is ~ 60 nm. The inset in (a) shows incident-light
dark-field micrographs of a larger area of a sample. The comparison between two different set-
tings of the analyzer, perpendicular to the electrode fingers in (1) and parallel to them in (2),
unveils a difference in the absorption of the nanotube film. Modified from Ref. [84].

Figure 3.6(a) shows a SEM image of a sample prepared from nanotubes dispersed
in NaCh (Suspension #24.4, see Figure A.1) using the standard pulsed deposition
method described before. The image clearly demonstrates that the interdigitated
electrode array is completely covered by a continuous film of nanotubes. Incident-
light dark-field micrographs of a larger area of the same sample are presented in
the inset. The comparison between two different settings of the analyzer, per-
pendicular to the electrode fingers in (1) and parallel to them in (2), unveils a
difference in the absorption of the nanotube film. This effect will be studied in
greater detail in the following. An atomic force microscopy image of the same
SWNT film is presented in Figure 3.6(b). The thickness of the nanotube film was
determined to ~ 60nm.?

5The film thickness is strongly correlated to the concentration of the nanotube suspension used
for the dielectrophoretic deposition and the deposition time. For a fixed deposition voltage
the maximum film thickness is expected to be limited due to screening of the electric field
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To measure the absorption spectra of the nanotube films, a Fourier transform
infrared spectrometer (Bruker Equinox 55) combined with an infrared microscope
(Bruker Hyperion 2000) was used. In addition to the setup used in Reference [26],
an analyzer is inserted into the light path between sample and detector. This
allows to investigate the difference in absorption that became apparent in the
incident light micrographs presented in Figure 3.6(a).

A schematic of the measurement setup is illustrated in Figure 3.7. Non polarized
light from the light source passes through an aperture and illuminates the sample
from the bottom. Since the electrodes are non-transparent, light passes only
through the gaps and is partly absorbed by the SWNT film. By varying the angle
~ of the analyzer the polarization dependence of the absorption is determined.
As discussed in Section 2.1.3, SWNTs preferentially absorb the component of
the light parallel to the nanotube axis due to a large depolarization effect [45].
It is therefore possible to determine the alignment of nanotubes in a sample by
analyzing the polarization dependence of the absorption spectra [85].

Figure 3.7: Schematic of the setup used for polarization dependent absorption measurements
on dielectrophoretically deposited SWNTs. Non-polarized light illuminates the sample from the
bottom and is partly absorbed by the nanotube film covering the electrode gaps. An analyzer

between sample and detector allows for polarization dependent measurements. Taken from
Ref. [84].

The black curves in Figure 3.8 show absorption spectra measured on the sample
shown in Figure 3.6(a). The spectral range was chosen to cover the M1 absorp-

by the nanotube film.
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tion band of metallic SWNTs (centered around 650 nm for NiCo nanotubes) as
well as the S2 absorption band of semiconducting nanotubes (centered around
950 nm) [48]. The main observation is that the shape of the S2-peak is virtually
independent of the setting of the analyzer, which is characterized by the angle ~
between the axis of the analyzer and the direction of the external electric field
during the dielectrophoretic deposition. By contrast, the height of the M1 peak
depends strongly on the analyzer setting. It is very pronounced for v = 0° and
almost completely suppressed for v = 90°. A similar behavior was observed in
samples prepared by dielectrophoresis of SWN'Ts dispersed with different surfac-
tants and length distributions but comparable deposition parameters (see Figures
B.4-B.7).
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Figure 3.8: Absorbance spectra for three settings of the analyzer (black curves). The angle ~
is defined with respect to the external field during deposition. While the peak around 650 nm,
which corresponds to metallic nanotubes (M1), strongly depends on the setting of the analyzer,
the peak around 950 nm, corresponding to semiconducting nanotubes (S2), is virtually indepen-
dent. However, there is a fraction of small diameter semiconducting nanotubes (S2*), that show
a similar dependence as the metallic nanotubes. Note that this S2* shoulder at ~ 800 nm can be
seen more clearly in the raw data of Figures B.4-B.7. Green curves: fitted data using the basic
spectral data M1/S2* and S2 shown in the inset and fit parameters given in the text. Taken
from Ref. [84].

Obviously the degree of alignment of metallic and semiconducting nanotubes
differs greatly in the sample. Metallic nanotubes are well aligned and their pref-
erential orientation is parallel to the electric field during the deposition process.
The majority of the semiconducting nanotubes are randomly oriented, but small-
diameter semiconducting nanotubes (S2* at ~ 800 nm, see Reference [48]) show an
alignment similar to the metallic nanotubes. There are two important conclusions
to be drawn from this analysis: (1) the SWNTs are deposited individually, not
in bundles; (2) although both nanotube types apparently undergo positive dielec-
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trophoresis for the chosen experimental conditions, their response to the external
electric field is different. In addition to the absorbance measurements, Raman
spectroscopy was performed on the same sample. The data confirm the incisively
different degree of alignment of the two nanotube types (see Figures B.8 and B.9).5

3.2.2. Advanced model for nanotube dielectrophoresis

In Section 2.2 the basic theory of dielectrophoresis was introduced and its applica-
tion to the case of single-walled carbon nanotubes was presented. In particular, it
was shown that any experimental results reported earlier in this field of work could
be explained with Equation (2.23). However, the different forms of alignment of
metallic and semiconducting nanotubes reported here can not be accounted for in
this framework.

In the derivation of Equation (2.23), a certain orientation of the nanotube with
respect to the external electric field was assumed: the particle was considered to
be both aligned with its long axis parallel to the electric field and positioned on the
axis of an axially symmetric field. In a more general picture, the orientation will
be defined on the one hand by the torque T = Dot X Eext generating a rotational
movement into the orientation for which the potential energy U is minimal. On
the other hand the particle undergoes a random brownian motion associated with
the thermal energy kT, with the Boltzmann constant kg = 1.381 - 10723 J /K.
Consequently, the assumption of a specific orientation is a severe simplification.
Additionally, so far only the polarizability along the nanotube axis was taken
into account. Thereby the strong anisotropy exhibited by SWNTs in both their
structure as well as their dielectric properties (see Section 2.1.2) was neglected. In
the following an advanced model for nanotube dielectrophoresis will be presented
which incorporates explicitly their longitudinal and transverse polarizability.

The effective dipole moment in global coordinates

The nanotube is approximated by a rod-shaped particle (a >> b = ¢) with ar-
bitrary orientation with respect to a fixed reference frame (z,y,z coordinates).
The particle’s coordinate system with axes 1,2, 3 is chosen such that the 1-axis
is parallel to the long axis of the rod-like particle. Since b = ¢, the orientation
of the axes 2 and 3 is not defined and can be chosen according to the problem
on hand, respecting the right hand convention. Let ¢ denote the angle between
the global z-axis and the projection of the 1-axis onto the x-y-plane and 6 be the
angle between the z-axis and the 1-axis as depicted in Figure 3.9. This choice
then corresponds to the common spherical coordinate system with 0 < ¢ < 27 as
azimuthal angle and 0 < § < 7 as polar angle.

6The case of the S2* nanotubes will be discussed in Section 3.2.3.
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Figure 3.9: Cartesian and spherical coordinates. The 1-axis corresponds to the nanotube axis.

Using a =~ 1 um and b = ¢ = 1nm, it follows that L| = L; =~ Z—z [ln (27“) — 1} ~
107° and L, = Ly = L3 =~ 1/2. With the definition of
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the effective moment in the global coordinate system is given by
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(with s, = sin(p), ¢, = cos(p), sp = sin(f), ¢y = cos(f) and A, = o — ). The
derivation of this expression is presented in Appendix C.
When considering 2 dimensional problems, this reduces to

L (ajcos?o+arsinfp (a)—ay)singcosg 7 3.4
Dett (@” - CYL) sin @ Cos @ OzH Sin2 ) + o COS2 90) 0- .

Dielectrophoretic torque and potential energy

A lossless particle achieves equilibrium when any of its three principal axes is
parallel to the external field Eo. The only stable orientation, though, is that
one with the longest axis aligned parallel to the field vector, no matter what the
relative magnitudes of &, and ¢, are [69)].
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For lossy particles the situation is more complex, as the stable orientation now
depends on the field frequency. Depending on the relation between the complex
dielectric functions of the particle and the surrounding liquid, abrupt changes from
one stable orientation into another can be observed at certain critical frequencies.
This can be explained by the fact that a distinct relaxation time of the Maxwell-
Wagner polarization exists for each of the three principal axes. These relaxation
times and the corresponding critical frequencies are defined as

MW vwi-1 (1= La)oe+ Laop o
= =1, 2. 3. 3.5
Jo 7] (1= La)ee+ Lagpa’ “Th (3:5)

As stated before, for a rod-shaped particle the orientation of the 2- and 3-axes
can be chosen freely. The easiest approach for the torque calculation is to define
the 2-axis such that the vector of the electric field lies within the 1-2-plane and
therefore Fy3 = 0. In this case, (Tprp);, = (Tprp)y = 0. 7

Then (Tpgp), is given by

1
(Toep)s = 3 0.1E0.2 [O‘H - O‘l]
1
— §Eg [a” — aL] sin ¢ cos ¢, (3.6)

with ¢ denoting the angle between the 1-axis of the particle and the electric field
vector Ey and therefore Ey; = Eycos ¢ and Eyo = Ejsin ¢.

Using Equation (3.6) the rotational energy for a rod-shaped particle can be de-
rived

1
Urot = / (Topp); do = —ZEg [a” — aﬂ cos? )

= Uy cos® ¢. (3.7)

Nematic order parameter

During a dielectrophoretic deposition experiment, both translational and rota-
tional movement activated by the dielectrophoretic force and torque respectively
are opposed by the random Brownian motion of the nanotubes due to their ther-
mal energy. Therefore, the degree of alignment of the nanotubes in suspension
and the efficiency of their deposition or repulsion depends on the relation between
the rotational energy U, or the translational energy Upgp = f (Fpgp,.) dz on the
one hand and the thermal energy kg7 on the other hand.

"Note that (I'prp); = 0 independent of the chosen orientation of the 2- and 3-axes, since
Ly = Ls.
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The torque (and the rotational energy) acting on each individual nanotube is a
quantity which is not accessible in a typical dielectrophoresis experiment used in
this work. However, the average alignment of the collectivity of nanotubes can be
determined experimentally.

The ensemble of such particles can be described by the theory of liquid crystals
[86,87]. Liquid crystals are a form of condensed matter which can exhibit long-
range orientational order in the absence of translational order. These systems
consist of highly anisotropic molecules, which can be approximated by rigid rods
or ellipsoids with lengths [ much greater than their widths d. In the isotropic
phase, both orientation and position of the particles are random. In the so called
nematic phase the orientation is no longer arbitrary, but the particles tend to be
aligned parallel to a common axis (specified by the unit vector 7, called director).

The degree of alignment can be measured by an order parameter, which is zero
in the disordered phase and non-zero in the ordered phase. For liquid crystals the
order parameter S is a function of the unit vector 7/ pointing along the long axis
of molecule « at position 7. Since the orientations parallel or anti-parallel to the
director are equally probable, the order parameter must be even in 7. It can be
shown that for three-dimensional problems the nematic order parameter is

1 1/ ——5——
Saa =5 (3 —1) = 5 (3 (cos? 62 — 1) , (3.8)
where 0 is the angle between the long axis of the molecule and the director and the
bare indicates the mean value for the ensemble of molecules. For two-dimensional

problems

Soq = (2 (7 - 1)” — 1) = 2(cos? §*) — 1 = (cos 20°). (3.9)

Considering the degree of alignment of carbon nanotubes in an external electric
field, the director is defined by the direction of the external field and therefore 6%
is equal to the angle ¢ defined above.

To calculate the expected values of cos? ¢, a distribution function for ¢ is needed.
Since the alignment of each individual particle is controlled by the rotational
energy U, compared to the thermal energy kg7, the Boltzmann distribution
function is used

F(0)dQ = 2P (—Uror/kpT)dS2

"~ [exp (—Usot/kpT)dS2 (3.10)

The differential df2 has to be chosen according to the dimensionality of the specific
problem. Considering the alignment of the particles within a two-dimensional
plane, e.g. the z-y plane of the sample surface, the differential reduces to dy.
If the coordinate system is chosen such that the direction of the electric field
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corresponds to the z-axis, then ¢ = ¢. In the case of a three-dimensional problem
with external field EO = FEyZz, the potential energy depends only on the polar
angle 6 and therefore d) = sinfdfdy = 2msinfdf. The direction of the rod-
shaped particles is then confined to lie within a cone with average angle (6).

3.2.3. Application to the experimental results

The model sketcehd above will now be employed to analyze the experimental re-
sults, in particular the observation that the two nanotube types show a distinct
deposition pattern with a high degree of alignment of metallic SWNTs and a ran-
dom orientation of semiconducting nanotubes. The deposition of semiconducting
nanotubes at high frequencies will be discussed in Section 4.3.

Calculation of the average alignment on the sample surface

In a first step the average alignment of single-walled carbon nanotubes in sus-
pension under the influence of an external field is calculated. The experimentally
accessible quantity is the degree of alignment of nanotubes deposited by dielectro-
phoresis onto a sample surface, which can be extracted from the polarization
dependent absorption spectra. Therefore the two-dimensional nematic order pa-
rameter Soq is calculated using the projection of the electric field vector during
deposition onto a plane parallel to the sample surface (the z-y plane) as com-
mon axis. With the appropriate choice of the coordinate system and combining
Equations (3.7), (3.9) and (3.10), it follows

w/2
Saq = (cos2yp) :/ cos2p - f(p,Up) dp and (3.11)
—7/2
exp (—=Uy cos? o /kgT
flo,Uo) = —3 (Zlocos” o/ keT) (3.12)

J s exp (—U cos? o/ksT)dy

Figure 3.10 shows the result of the calculation assuming the following geometric
and dielectric properties of the nanotube: length [ = 0.5 ym and diameter d =
1 nm, depolarization factors L = 107° and L, = 0.5, an isotropic conductivity of
both metallic and semiconducting nanotubes of o, = 0.35S/m ® and permittivities
met semi

e = 10*ep and ePet = £ i 30eq. For the surfactant suspension o, = 0.1 S/m
and e, = 85¢( was used.

8In Reference [25] it was argued that the conductivity of micellated semiconducting nanotubes is
dominated by surface conductivity rather than the intrinsic conductivity. Also, the dielectro-
phoretic forces acting on metallic nanotubes in the low-frequency regime are comparable
to those acting on semiconducting SWNTs, indicating a similar value of the conductivity.
Therefore, an equal and isotropic value of o, is assumed here for both nanotube types.
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Figure 3.10: Nematic order parameter S as a function of the frequency f and amplitude E,,
of the applied electric field. (a) Metallic nanotubes: Moderate deposition parameters lead to
a high degree of alignment in the high-frequency range. (b) Semiconducting nanotubes: While
the alignment at low frequencies resembles that of metallic nanotubes, the situation changes
drastically for f > 10° Hz: much higher field strengths are necessary to overcome the random
orientation and two turn-over frequencies ( flTQO ) are predicted, which mark the transition from
one stable orientation into another. Taken from Ref. [84].

The nematic order parameter S for metallic nanotubes is shown in Figure 3.10(a),
while Figure 3.10(b) illustrates the predicted alignment for semiconducting nano-
tubes. The values of S are color coded from blue (S = 0) to red (S = 1). Also
shown are sections of the contour plot, tracing S at the frequency 107 Hz and
electric field amplitude 107 V/m. For low frequencies (f < 10°Hz) the conduc-
tivity dominates the polarizability and the alignment of both nanotube types is
equal. For high frequencies, moderate field strengths suffice to perfectly align the
metallic nanotubes. The semiconducting nanotubes, on the other hand, are ran-
domly oriented up to much higher field strengths. Once this random orientation
is overcome, the stable orientation with respect to the external field depends on
the frequency. Two turn-over frequencies ( {fr? ) mark the transitions from parallel
to orthogonal and again to parallel alignment.

Analysis of the absorption spectra

To analyze the absorption spectra presented in Figure 3.8, two sets of basic spec-
tral data are extracted in the first step, one of them describing the absorption of
the aligned nanotubes, the other one representing the randomly oriented nano-
tubes. The first set of data, corresponding to M1/S2* in the inset of Figure 3.8,
is obtained by subtracting the data of the measurement with v = 90° from the
measurement with v = 0°, thereby eliminating the polarization independent con-
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tributions. To generate the basic spectrum of the randomly oriented nanotubes
(S2), the plain data of the 90° measurement cannot be used, because there is
obviously some contribution between 600 and 800 nm from the aligned nanotubes.
Therefore the data of the 0° measurement is modified by subtracting a fraction
of the M1/S2* data until a flat background between 600 and 800 nm is obtained.

With this choice of basic spectra the absorbance Abs for a specific angle ~ is
given by the function [88|

1

Abs(v) =

T oem/2 )
ST cos? (¢ =) d g

w/2 N
/ [Able/sg*f (gp, Uévu/S2 ) + Abssa f (go, UOSZ)} cos® (p — ) d o
—7/2
(3.13)

A large value of Uj then corresponds to a narrow angular distribution, while a small
value matches a wide angular distribution. The green curves shown in Figure 3.8
were obtained using for the M1/S2* tubes a value of Uém/SZ*/kBT = 2.3 and for
the S2 nanotubes a value of U5?/kgT = 0. The values for Uy are consistent with
model calculations for SWNT5s close to the substrate surface (~ 1 pm). This self-
consistency as well as the excellent agreement of the fit with the measured data
justifies the procedure for constructing the S2 spectrum.

Obviously, the different forms of alignment of metallic and semiconducting nano-
tubes strongly affect the determination of the composition of samples by optical
absorption spectroscopy. A simple comparison of the peak heights or the peak
area measured with non-polarized light will not render the correct result, since
the amount of metallic nanotubes will be underestimated. For instance, even
if aligned nanotubes would absorb all parallelly polarized light, the absorbance
measured with non-polarized light would never exceed 0.3. The fitting proce-
dure described above depends strongly on the choice of the basic spectra and is
therefore not appropriate for a quantitative analysis of the sample composition.

It remains to be discussed why the alignment of small-diameter semiconducting
nanotubes S2* resembles that of metallic nanotubes M1. As the conductivity o,
of all nanotubes was assumed to be dominated by the surface conductance &, a
smaller nanotube diameter d results in a bigger value of oo x k/d [25,89, 90|
and therefore a larger value of Uy, which increases the alignment. Another possi-
ble explanation would be a diameter-selective dispersion of the nanotubes in the
surfactant, which allows for residual bundles of small-diameter semiconducting
nanotubes with metallic nanotubes. A comparison of fluorescence maps of nano-
tubes dispersed in SDS (sodium dodecyl sulfate) and SDBS indeed suggests such
selectivity in the case of SDBS [48]. Further analysis is necessary to verify either
of these interpretations.
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Summary

The dielectrophoretic deposition of single-walled carbon nanotubes onto interdigi-
tated electrodes was studied under variation of the experimental parameters. It
was shown that the insulating oxide layer which covers the surface of aluminum
electrodes allows for the production of continuous films of carbon nanotubes on the
electrode array. The application of very large electric fields during the deposition
process leads to a strikingly different alignment behavior of metallic and semi-
conducting nanotubes, which was analyzed using polarization dependent absorp-
tion measurements. The experimental results show that the model of nanotube
dielectrophoresis, which has been used so far and is based on a scalar dependence
of the polarizability of the external field, is not sufficient to describe the dielectro-
phoretic deposition of SWNTs due to their structural and dielectric anisotropy.
Within an advanced model that also incorporates contributions from the polariz-
ability orthogonal to the nanotube axis, the observed high degree of alignment of
metallic nanotubes and the random orientation of semiconducting nanotubes can
be explained.

Another experimental observation is the deposition of semiconducting nanotubes
at frequencies above the cross-over frequency observed before. The advanced
dielectrophoresis model predicts the existence of a further critical frequency, f. |,
defined by the transversal dielectric properties of single-walled carbon nanotubes.
As a result, semiconducting nanotubes exposed to very large electric fields expe-
rience a positive dielectrophoresis above the cross-over frequency defined before,
which corresponds to the cross-over defined by the longitudinal dielectric prop-
erties. The decisive influence of the orthogonal polarizability onto the dielectric
force acting on semiconducting nanotubes will be illustrated by means of finite
element simulations in Section 4.3.



4. Finite element simulations

A major part of this work aimed at explaining the dielectrophoretic forces that
were experimentally realized at INT in various electrode setups by finite element
simulations. These simulations, which will be presented in this chapter, are mo-
tivated by experimental findings in the context of dielectrophoretic separation or
assembly. The corresponding experiments were carried out by Christoph W. Mar-
quardt (Section 4.1), Aravind Vijayaraghavan (Sections 4.2 and 4.4) and by the
author of this work (Section 4.3). The results of the simulations allow for a deeper
understanding of the experimental observations.

4.1. Probing dielectrophoretic force fields with
metallic carbon nanotubes

By studying the deposition pattern of single-walled carbon nanotubes on surfaces,
it can be shown that carbon nanotubes are effective probes for dielectrophoretic
force fields [91]. Different force fields were generated by electrodes on insulating
oxides, with or without conducting substrates underneath. The patterns were
recorded by scanning electron microscopy and simulated by finite element cal-
culations. The data show that a sign change of the normal component of the
dielectrophoretic force close to the substrate surface can lead to a repulsion of
metallic carbon nanotubes from the surface. Geometrical constraints are pre-
sented to avoid such a sign change in the dielectrophoretic force.

Motivation

In this study, short, dispersed single-walled carbon nanotubes were exposed to two
different types of dielectrophoretic force fields, which were generated by electrode
structures of type A, microelectrodes on insulating substrates, and of type B,
microelectrodes on oxidized conducting substrates. Type A structures are inter-
digitated electrodes of 140nm thick aluminum with a gap of 1.8 um, prepared
by optical lithography on 0.5 mm thick quartz substrates (see also Section 3.1).
Type B structures are electrode pairs of 40nm thick aluminum with a gap of
3 pm, prepared by electron beam lithography on 0.5 mm thick oxidized p-type sil-
icon substrate with 800 nm thermal oxide. For details about the experiment see
Reference [91].

95
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The analysis of the pattern formed by the dielectrophoretically deposited SWNTs
reveals a systematic difference for the two types of structures. The SEM image of
a type A structure in Figure 4.1(a) shows that the SWNTs are deposited homoge-
neously over the whole gap between the electrodes with some fluctuations in their
spatial distribution. The same result was obtained for type A structures with a
gap of 4.4 um at the same electric field strength. Figure 4.2(a) shows an image
from a type B structure. Obviously the distribution of SWNT is very different
from the type A structure with SWNTs now deposited mainly in the vicinity of
the electrodes. Note that under the chosen conditions with f = 50 MHz primarily
metallic SWNTs are attracted towards the electrodes as shown in Reference [25].

Z [pm]

8/0z |Vo|* [10" VIm¥]

X [pm]

Figure 4.1: Type A structure on insulating quartz substrate. (a) Top view SEM image showing
a homogeneous distribution of metallic SWNTs in the electrode gap. (b) Cross sectional plot of
the magnitude of the electric field |E|. The applied potentials and the dielectric materials are
indicated in the drawing. (c¢) The normal component of the dielectric force acting on metallic
SWNTs, Fpgp,. is proportional to 8%|V<I>|2 , which is plotted for various heights z above the
substrate surface. Metallic SWNTs feel attractive forces close to as well as far away from the
substrate surface. Taken from Ref. [91].
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Figure 4.2: Type B structure on conducting p-type silicon substrate. (a) Top view SEM
picture showing metallic SWNTs only in the vicinity of the electrodes. (b) Cross sectional plot
of the magnitude of the electric field |F|. The applied potentials and the dielectric materials are
indicated in the drawing. Note the 800 nm thick oxide layer. (¢) The normal component of the
dielectric force acting on metallic SWNTs, FPEP is proportional to %|V<I>|2, which is plotted
for various heights z above the substrate surface. In the center of the electrode gap at small
heights Z|V®|? > 0, leading to a repulsion of metallic SWNTs from the surface. The area of
repulsive forces for a height z = 1nm is indicated in (a) by the dashed white lines. Taken from
Ref. [91].

Details of the simulation

To validate the claim that the deposition patterns are directly related to the
distribution of the dielectrophoretic force field, numerical field simulations were
performed. Since the field frequency f = 50 MHz is above the ionic charge relax-
ation frequency of sodium cholate, f, ~ 20 MHz, the partial differential equation
to solve is the Laplace equation (2.34) with the potential at the electrodes equal
to the applied potential &y = £V, /2.

The extension of the interdigitated electrode fingers of the type A structures in y
direction (~ 360 pm) is much larger than both the width of the electrode and the
gap in x direction (each 1.8 um). For calculations concerning type A structures



58 Chapter 4: Finite element simulations

the three dimensional problem can therefore be reduced to a two dimensional one
(defined in the z-z plane). A similar approach was used for type B structures:
The finite width of 3 um in the y direction of the electrodes leads to non-zero y-
components in the electric field. However within the z-z plane along the electrode
center, these components add up to zero. By neglecting the finite width in a two
dimensional approach, the simulation is constrained to the center line.

For a better comparison of the simulation results the dimensions of the type A
structure were slightly changed to match those of the type B structure. The unit
cell of the type A structure then consists of two 40 nm thick half electrodes (each
1.5 um wide) separated by a gap of 3 um. The electrodes are situated on top of a
100 pm thick quartz substrate with permittivity € = 5¢¢, and below a 100 ym thick
water layer with e = 80gy. The Neumann condition 0®/0n = 0 was assigned to all
boundaries of the unit cell [92]. The unit cell and boundary conditions of type B
structure are based on the same model, however a conducting layer below 800 nm
of SiOy (e = bep) was added, representing the p-type silicon substrate. In the
experiment the substrate is electrically floating—i. e. not connected to a voltage
source—and acquires a certain potential through capacitive coupling. Due to the
symmetric leads this potential will adjust to the mean potential of the biased
electrodes (g = £V},,/2). In the electrostatic simulation this is accounted for by
defining the potential at the surface of the floating layer as ® = 0 and excluding
the substrate volume from the simulation (see Section 2.3.3).

Figures 4.1(b) and 4.2(b) show the magnitude of the electric fields |E (z,y)| =
|V ®| for the two electrodes structures as derived by the simulation. To calculate
the corresponding dielectrophoretic force acting on a single-walled carbon nano-
tube, Equation (2.23) is employed. For the frequency and surfactant concentration
used in the experiment, the prefactor of VE? is positive for metallic nanotubes
and negative for semiconducting ones [26]. This means that only metallic nano-
tubes are attracted towards the regions of high field inhomogeneity due to their
interaction with the electric field. With respect to the chosen coordinate system,
a positive or negative value of VE? translates directly into repulsive or attractive
forces for metallic nanotubes. Whether or not a metallic nanotube will be de-
posited on the surface depends thereby on the normal component of VE? in close
proximity to the substrate surface (z < 1 pym). That quantity is plotted in Figures
4.1(c) and 4.2(c) as a function of the height z above the substrate surface.

Results and Interpretation

The calculations show a strong dependence of the normal component of VE? on
the distance to the substrate. For large distances from the surface (z > 1 um),
the corresponding forces are similar for the two types of structures. However near
the surface the results differ significantly. For type A structures the forces are
getting weaker towards the substrate surface but remain attractive. For type B
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structures on the other hand, the forces in the middle of the gap become repulsive
for nanotubes which are closer than 100 nm to the surface. With decreasing z, the
repulsive range extends further to the electrodes. This means that the nanotubes
are pushed towards the electrodes when approaching the substrate. Comparing
the deposition pattern in Figure 4.2(a) to the calculation, it becomes obvious
that nanotube deposition is indeed absent within the region of repulsive forces as
marked by the dashed lines, except for a few SWNTs of anticipated semiconducting
type. The homogeneous deposition in Figure 4.1(a) is consequentially due to the
absence of repulsive forces at the surface.

Type B structures are often used for device fabrication if a gate electrode is
required. Table 4.1 presents the minimum oxide thickness that is required to
avoid a sign change in the normal component of the dielectrophoretic force close
to and far away from the surface for a number of electrode gap sizes and dielectric
solvents.

1 pm gap 2 pm gap 3 pm gap

Water (¢ = 80gy) 0.66 £0.02pm 1.4+£0.03pum 1.7540.05pum
Isopropanol (e = 12¢5) 1.3 £0.02pum  2.53 £0.03 um  3.45 £ 0.06 ym

Table 4.1: Minimum oxide thickness required to avoid repulsion of metallic nanotubes
(0/0z|V®|?> < 0 at 1nm height) from the midpoint of the electrode gap, given as a function
of the electrode gap size and of the dielectric solvent used for the dielectrophoretic deposition.
Taken from Ref. [91].

4.2. Ultra-large-scale directed assembly of
single-walled carbon nanotube devices

Recently, dielectrophoresis has been used to assemble a small number of devices of
individual or bundled carbon nanotubes [12,22,23]. In this context a self-limiting
single-nanotube assembly has been observed at the electrode gap under specific
deposition conditions [12,23]. The widely accepted mechanism for this phenom-
enon is the short-circuiting of the electrodes by the contacted object. However
using impedance spectroscopy it was demonstrated that this mechanism can not
explain the formation of single-tube devices [24]. Instead an alternate and more
universal mechanism was suggested that involves redistribution of the electric field
around the deposited nanotube in the electrode gap. This claim was backed by
finite-element simulations, which will be presented in the following.
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Motivation

In Section 2.2.2 dielectrophoresis was introduced as a means to precisely assem-
ble single-walled carbon nanotubes onto electrode pairs. Due to the capacitively
coupled electrodes used in this deposition scheme, it was possible to upscale the
deposition and produce high density arrays of individually accessible devices. Fig-
ure 4.3 shows a schematic of the electrode arrangement and nanotube deposition.
The important feature of this setup is that only one of the surface electrodes
(biased electrode, BE) is connected directly to the voltage source. The other elec-
trode of each device is a floating counter electrode (CE). The AC voltage is applied
between the BE and the underlying silicon gate electrode (GE). For high electric-
field frequencies (wy > 100kHz), the impedance of the CE/SiOy/GE structure
(1/iwsCor.ge) reduces significantly. The CE is now capacitively coupled to the
GE and acquires a similar potential as that of the GE. This allows to bias all the
distinct CEs without having to bond wires individually to each.

Figure 4.3: Schematic of the high-density array of single-tube devices, comprising of inter-
connected biased electrodes and counter electrodes (yellow) which are capacitively coupled to
the p type silicon substrate (grey) via 800 nm of SiOy (green). Individual single walled carbon
nanotubes (black) dispersed in aqueous surfactant solution (blue) form single tube devices (ma-
genta) at a density of several million per square centimeter due to self-limiting dielectrophoretic
assembly onto each of the 0.8 um wide electrode gaps. Taken from Ref. [24].

Depositions were performed at a frequency wy; = 300 kHz to allow both metal-
lic and semiconducting nanotubes to be deposited [12,25|. Scanning electron
microscopy (SEM) and atomic force microscopy (AFM) were used to count and
image the deposited nanotubes. Figure 4.4(a) shows the bridging of 5 adjacent
electrode pairs fabricated with the above scheme, which is representative of the
whole array. Most of the electrode pairs were bridged by one individual nanotube
or small bundle, as verified by AFM in Figure 4.4(b).
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100 nm

Figure 4.4: (a) SEM image of the electrode array showing five adjacent devices with each
electrode pair bridged by one carbon nanotube, visible as fine white lines within the dark central
areas. (b) AFM image of one single-nanotube device. The height profile confirms the bridging
by an individual nanotube. Modified from Ref. [24].

L L llllIII il 'l L IIIIII L L L L L ill

] BE-CE 5 3

] —e—Dry, noNT \\ : )

= 1 —+—Susp., noNT \\ [
S 100k { —v—Dry, w/ NT : 3
N = Susp. w/ NT '\ 3
TS N

- \‘A._, . | -

1 Ok _:! “‘-—A‘\.m‘«.s»w_n—-’~g_‘_:,iw«\“\ :_

1k 10k 100k o, ™

f (Hz)

Figure 4.5: Impedance spectroscopy measurements between the biased electrode (BE) and a
counter electrode (CE). The interpretation is given in the text. Taken from Ref. [24].

Now the self-limiting behavior will be discussed. At first sight the deposition of a
nanotube in the gap would appear to ‘short-circuit’ the electrodes, equalizing their
potentials and thereby limiting further nanotube deposition. This mechanism,
proposed in Reference [12, 22|, requires nanotube contact resistances to be low
compared to the impedance of the CE/SiOy/GE structure and the suspension.
Figure 4.5 shows impedance spectroscopy measurements of single tube devices
before and after dielectrophoretic nanotube deposition. In the absence of both
nanotube and suspension (red curve), the impedance is dominated by the oxide
capacitance. After placing a droplet of suspension on the electrode array (green
curve), the capacitance of the Helmholtz double layer dominates the impedance
at low frequencies, while the ionic conductivity ¢ of the suspension dominates for
high frequencies (> 100kHz). When there is a nanotube but no suspension (blue
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curve), the nanotube contact resistance (~ 1M(2) dominates at low frequencies,
while the oxide capacitance dominates at high frequencies (> 25 kHz). When there
is a nanotube and suspension (cyan), the impedance is the same as if there was
only the suspension, because the impedance of a device (nanotube and its contact
resistances) is significantly higher than either the impedance of the suspension or
of the CE/SiOs/GE structure. Consequentially, the potential difference across the
electrodes does not reduce upon nanotube deposition, e. g. the nanotube does not
short-circuit the electrodes, and therefore a new explanation for the self-limiting
deposition is sought. For this purpose the potential distribution as well as the
dielectrophoretic force field were calculated using Finite Element simulations.

Details of the simulation

As in the work presented in Section 4.1, the three-dimensional experimental device
was reduced to a two-dimensional model for the simulation. The device resembles
the type B electrode structures discussed before and the same argument holds true
for the simplification to two dimensions. However, in this work two independent
two-dimensional calculations were used to simulate both the potential distribution
in the z-z plane (perpendicular to the sample surface, as before) and the z-y plane
(parallel to the sample surface).

In accordance with the dimensions of the electrode array, the modeled area con-
sists of two round-tipped electrodes in the z-y (substrate) plane, each 1 pm long
and 100 nm wide, being 1 um apart from each other. In the z direction (perpen-
dicular to the substrate), the simulated area includes the 40 nm thick electrodes
and 2 um of surfactant solution (¢ = 85¢y) above the substrate surface. In the
real device the gate electrode is separated from the surface by 800 nm of insu-
lating oxide. According to Table 4.1, its influence on the electric field above can
be neglected as its thickness is larger then the critical thickness for such effects.
The substrate is therefore considered entirely insulating and excluded from the
simulation.

In the experiment the AC voltage is applied between the gate electrode and
the biased surface electrode. As explained above, due to capacitive coupling the
floating counter electrode acquires a potential similar to the gate electrode. Since
the gate is not included in the simulation, this effect is imitated by defining the
potential ® of the BE and CE as ® = £V/,,/2. The absence of free charge carriers
and the fact that the double layer does not affect the impedance at the deposition
frequency (see Figure 4.5) validates the use of the Laplace equation (2.34) and
Dirichlet boundary conditions.

To simulate the situation after deposition, a dielectric rod with 1 nm diameter,
which represents the nanotube, is centered between the electrode pair. According
to theoretical calculations [93,94] at a nanotube-metal-contact the voltage drops
within the first few nanometers of the nanotube adjacent to the metal, due to
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a very high contact resistance (1-5M¢2). Comparatively, the resistance of the
bulk nanotube (h/2e¢? &~ 12.9kQ) can be neglected. To account for this in the
simulation a small gap of 5nm is introduced between the ends of the electrodes
and the nanotube. The potential of the nanotube is either set to the intermediate
potential of the electrode pair, i.e. ® = 0V, or the bulk nanotube is defined as
a floating object, i.e. a material with high permittivity whose potential adjusts
according to the surrounding local potential. Both approaches yield the same
result.

As before, Equation (2.23) is used to calculate the dielectrophoretic force acting
on the nanotubes in the suspension. The frequency of wy = 300 kHz however re-
sults in a positive Clausius-Mossotti factors for both metallic and semiconducting
nanotubes; i. e. both electronic types undergo a positive dielectrophoresis [12,25].
Therefore, VE? is a direct measure of the dielectrophoretic force experienced by
the nanotubes both in magnitude and direction.

Results and Interpretation

Figure 4.6 shows the potential distribution (®) in the absence (a & c¢) and pres-
ence (b & d) of a nanotube, along two orthogonal planes, one in plane with the
substrate surface (a & b) and the other perpendicular to it and along the axis of
the electrodes (c & d). In the absence of a nanotube the potential drops uniformly
between the electrodes, whereas after the deposition of a nanotube (depicted by
the magenta line) the potential drop is restricted to the vicinity of the metal-
nanotube contact. In this case the region between the electrodes is almost field
free.

In Figure 4.7 the corresponding VE? is plotted, which under the experimental
conditions is a measure for the dielectrophoretic force acting on the nanotube.
The direction of the vector denotes the direction of the force experienced by the
nanotube, while the background color quantifies the magnitude. As before, the
series (a — d) shows the results in the absence and presence of a nanotube along
two different cut planes.

Before any nanotube is deposited, nanotubes experience attractive forces towards
the gap at all points, directing a nanotube to deposit between the electrodes.
However once a nanotube has been deposited, the dielectrophoretic force-field
changes incisively and the region at and around the nanotube develops strong
repulsive forces, preventing further nanotube deposition. This change of the di-
electrophoretic force field is due to the permittivity of the nanotube surfactant
hybrid being much larger than the aqueous solution [25].

For self-limiting single-nanotube deposition, it is critical that only one nanotube
at a time enters the central region between the electrode gap. By repeating the
assembly experiment using suspensions with various nanotube concentrations, a
nanotube concentration of no more than 5nanotubes/um? for an applied bias
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Figure 4.6: Simulation of the potential distribution near the electrodes, for two orthogonal
cross sections. (a & b) @ at the substrate surface (z-y plane at z = 0); (¢ & d) ® perpendicular
to the substrate (z-z plane at y = 0). The potential drops uniformly between the electrodes
in the absence of any deposited nanotubes (a & c¢) while the potential drop is concentrated
around the metal-nanotube contacts, once a nanotube (magenta line) has been deposited (b &
d). Taken from Ref. [24].

of 2.5-10°V/m was determined in this setup. In the case of higher nanotube
concentration or electric field strength more then one nanotube is attracted and
simultaneously deposited in the gap. The small fraction of multiple-nanotube de-
vices observed is attributed to such simultaneous deposition. The control over
single-nanotube deposition is most robust with thicker oxides, because for thin
oxide the underlying conducting substrate disturbs the electric field on the sur-
face. As such, the mechanism is not restricted to carbon nanotubes and should
work equally well with nanowires or any polarizable quasi-one-dimensional object.
Moreover, alternative wiring schemes besides capacitive coupling—e. g. direct con-
tact to both electrodes—can also involve this self-limiting deposition.
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Figure 4.7: Simulation of dielectrophoretic force fields near the electrodes. (a & b) VE? at the
surface of the substrate (z-y plane at z = 0); (c & d) VE? perpendicular to the substrate (z-2
plane at y = 0). The arrows indicate the direction of the force acting on a dispersed nanotube,
while the background color is the magnitude of VE?. The dielectrophoretic force is attractive in
all regions in the absence of deposited nanotubes (a & c), but it becomes repulsive between the
electrodes, once a nanotube (magenta line) has been deposited (b & d). Taken from Ref. [24].

4.3. Influence of structural and dielectric
anisotropy on the dielectrophoresis of
single-walled carbon nanotubes

Motivation

According to the advanced model of nanotube dielectrophoresis discussed in Sec-
tion 3.2, within a certain frequency range, f{'°...f. ., a deposition of semi-
conducting nanotubes can occur due to their perpendicular polarizability, but
should only be observable in experiments at very large electric fields. In earlier
experiments under moderate fields (E,, = 20V /20 um) semiconducting SWNTs
were not deposited above the critical frequency f. ~ 3 MHz [11,25]. In a recent
experiment at larger fields (10 V/2 um) a cross over frequency of f. ~ 30 MHz
was observed [26]. Finally, the work presented in Chapter 3 shows that at very
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large electric fields (40 V/2 pm) f. > 80 MHz (see Figures B.4 — B.7). This agrees
with the model that at moderate fields the probed critical frequency is due to the
parallel polarizability |, whereas at larger fields and frequencies it is the orthog-
onal polarizability | that progressively dominates the dielectrophoresis. In the
following this situation will be visualized by the use of numerical field simulations.

Details of the simulation

The array of interdigitated electrodes used in the experiments consists of 140
electrode fingers with a length of ~ 360 um and a width of 1.8 um each, separated
by 1.8 um wide gaps. The thickness of the Al layer is 145nm and that of the
quartz glass is 0.5 mm. As in the case of the type A structures of Section 4.2,
the three-dimensional problem can be reduced to a two-dimensional one which is
defined in the x-z plane.
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Figure 4.8: Potential distribution in the unit cell representing the interdigitated electrode
array

For the simulation a representative section was chosen extending from the center
of a positively charged electrode to the center of the next positively charged elec-
trode. This ‘unit cell’ then contains two electrodes and two gaps situated above a
50 pm thick quartz substrate with permittivity € = 5¢¢ and underneath a 50 um
thick aqueous layer with ¢ = 85¢y. The potential of the electrodes is defined by a
Dirichlet condition to ® = £V,,,/2 = £20 V and to the sidewalls Neumann bound-
ary conditions 0®/0n = 0 are assigned. Figure 4.8 shows the resulting potential
distribution in the unit cell obtained by solving the Laplace equation (2.34).

By expansion of Equation (2.17) using Equation (3.2) for rod-shaped particles
the dielectrophoretic force within the particle’s coordinate system is derived as

— 1 —, —,
FDEP = §V <OéHEﬁ + CKJ_E?_) . (41)

As a means of simplification a fixed orientation of the nanotubes with respect to
the global coordinate system is assumed. It is then easy to transform Equation
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(4.1) from the particle’s coordinate system into the global coordinate system:
for horizontally aligned nanotubes Fpgp = 5V (a) E2 4 oy E?) is derived and for

vertically aligned nanotubes Fppp = V(B2 + a, E?). The calculations are
based on the structural and dielectric properties of single-walled carbon nano-
tubes as specified in Chapter 3.

Results and discussion

Figure 4.9 shows the simulated dielectric force fields acting on metallic (a & b)
and semiconducting nanotubes (¢ & d) assuming horizontal or vertical alignment
of the nanotubes as indicated. A representative frequency of 50 MHz was chosen
such that ajf*, @ and o™ > 0 and of™™ < 0.

Note that under the experimental conditions metallic nanotubes are well aligned
along the electric field lines, as shown in Figure 3.10(a). Since the electric field
lines are horizontal above the gap, Figure 4.9(a) applies to metallic nanotubes
in this region, whereas Figure 4.9(b) applies to metallic nanotubes above the
electrode, where the field lines are vertical. Therefore metallic nanotubes always
experience an attractive force towards the substrate.

|F

(N)

DEPI

Figure 4.9: Simulation of the dielectrophoretic force fields. (a & b) ﬁDEp for metallic nano-

tubes and (¢ & d) ﬁDEp for semiconducting nanotubes, assuming the nanotubes to be horizon-
tally aligned or vertically aligned as indicated. While metallic nanotubes are attracted towards
the substrate surface, semiconducting nanotubes experience either attractive or repulsive forces
depending on their orientation with respect to the electric field.

The orientation of semiconducting nanotubes on the other hand is random under
the chosen conditions (see Figure 3.10(b)). Comparing the two representative
situations of horizontal and vertical alignment, a significant change in the force
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fields is observable. A closer look at Figure 4.9(c) reveals that the forces are
repulsive in regions where the nanotubes are parallel to the electric field (above
the gaps), while they are attractive when the nanotubes are orthogonal to the
electric field (above the electrodes). The same, of course, holds true for Figure
4.9(d).

These simulations clearly show that semiconducting nanotubes can be attracted
to the substrate surface due to their orthogonal polarizability, albeit the magni-
tude of the force is smaller than in the case of the metallic nanotubes. With respect
to the measured random orientation of semiconducting nanotubes in the gap (see
Figure 3.8), it is apparent that the dielectrophoretic force field simulations predict
repulsion only for semiconducting nanotubes which are oriented along the z-axis.
Nanotubes oriented along the y-axis and z-axis are attracted, which should result
in a depletion of semiconducting nanotubes close to v = 0. However, considering
the drag coefficient of nanotubes, which depends on the angle between the nano-
tube axis and the direction of motion [95], the highest deposition rate is expected
for vertically oriented semiconducting nanotubes, which upon touching the surface
flip over without preferential direction.

4.4. Electrostatic modeling of nanotube devices
with floating electrodes for voltage-contrast
SEM

As stated before, single-walled carbon nanotubes have tremendous potential as
interconnects and field-effect transistors (FETs) in nano-electronics. Besides the
need for precise assembly and contacting of nanotubes, an increasing demand
for rapid, non-invasive electrical characterization techniques of nanotube devices
becomes apparent. The techniques currently available—like direct electron trans-
port measurements and indirect characterization such as Raman spectroscopy [54],
near-field optical microscopy [96], scanning tunneling spectroscopy [97| and mi-
croscopy [40] and electron diffraction [98]—are slow and sequential and possess
only limited applicability to the process flow for nanotube device fabrication and
integration. Recently, voltage-contrast scanning electron microscopy (VC-SEM)
was proposed as an effective metrology tool for the rapid characterization of the
electronic nature of SWNTs and other molecular nanostructures in functional de-
vice geometries [99]. It involves tuning the electronic band structure and imaging
the potential profiles along the length of the nanotube. The results can be ex-
plained by finite element simulations of device electrostatics, taking into account
the change in dielectric properties of the nanotube under the influence of a gate
electric field.
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Motivation

High-density arrays of single nanotube devices consisting of one independent
floating electrode (source), one common electrode (drain) and the highly-doped
Si/Si0O, substrate as a common back-gate (as illustrated in Figure 4.3) were char-
acterized by VC-SEM. Figure 4.10 shows VC-SEM images of a representative re-
gion of the electrode array, imaged at two illustrative gate voltages (Vg = +20V
and —10V). The devices were maintained at equilibrium condition with the drain
grounded (Vp = 0) and source unconnected (Vs floating), while V; was swept
between 0 and £20V. The source electrodes in devices 2, 4, 7 and 8 show iden-
tical contrast to the drain for all gate voltages, indicating that potential between
the source and drain equilibrates instantaneously through the bridging nanotube.
These nanotube devices are metallic. While at low V; the contrast of source elec-
trodes of devices 1, 3, 6 and 9 lags significantly to the drain contrast, implying that
the potential does not equilibrate between the source and drain via the bridging
nanotube, the devices behave similar to metallic devices at high V. These are
semiconducting nanotube devices (FETs). Devices 5 and 10, whose source elec-
trodes do not change their contrast with applied bias, reveal defective contacts
under closer observation. Measurements of the electron transport characteristics
of the three-terminal devices confirm that the contrast of the floating electrode,
which can be rapidly imaged at low resolution, correlates with the electronic prop-
erty of the corresponding nanotube device.

A

2934495868 7989 90910

Figure 4.10: VC-SEM images of 10 adjacent SWNT devices at a back-gate bias V. (a)
Ve = +20V. Bright contrast indicates enhanced SE emission. (b) Vg = —10V. Dark contrast
indicates suppressed SE emission. The common drain (bottom electrode) is grounded and the
independent sources (top electrodes) are floating. Devices 2, 4, 7, 8 are metallic; devices 1, 3,
6 and 9 are semiconducting. The extension of the unit cell used for the simulation and the
orientation of the z- and y-axes is indicated in (b); the z-axis points out of the drawing plane.
Modified from Ref. [99].
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SEM is based on the detection of secondary electrons (SEs) generated when
primary or backscattered electrons interact with the sample [100]. SEs have low
energy (< 50eV) compared to the incident beam (1-30 keV) and only those
originating in a few nanometer depth from the surface can escape and be detected.
When the surface has a negative potential (negative Vi), the SE emission yield
is enhanced while a positive potential (positive V) effectively retains the SEs
and reduces their yield [101]. Any potential on a SWNT will influence SE image
contrast both due to changes in the SE yield and the deflection of SEs emitted
from the substrate in the nanotube’s vicinity [100,102]. Therefore a qualitative
understanding of the SE contrast can be obtained from the surface potential and
electric field distribution around the nanotube and associated electrodes.

Details of the simulation

In a first step, the electric potential near a floating or grounded electrode in the
absence of a nanotube is calculated in a three dimensional simulation to explain the
contrast evolution of the electrodes. The modeled volume consists of an individual
metal electrode (¢ = 108¢() with a length of 1 um, a width of 200 nm and a height
of 50nm. The electrode is situated in the center of the z-y-plane of 20 x 4 yum?
size. In the z direction the electrode is separated from the gate electrode at the
bottom by an 800 nm thick oxide layer (¢ = 3.9¢¢) and from the top electrode by
10 um of air (¢ = gp). A schematic of the simulation model is shown in Figure
4.11(a). The potential ® on the bottom and top surface were set to Vi and 0V
respectively (Dirichlet condition). Neumann boundary conditions, 0®/0n = 0,
were assigned to the sidewalls of the simulation space as well as to internal material
interfaces. To model the situation for a grounded electrode, the potential of the
electrode was also fixed by a Dirichlet condition to 0 V. In the case of the floating
electrode, no potential is specified. Due to the large dielectric constant of the
metal, the potential of the electrode then adjusts to a constant value within the
electrode [103].

In the next step the transition of a semiconducting nanotube from the OFF into
the ON state and its influence on the VC-SEM image will be discussed. After de-
positing a nanotube between a biased electrode and an electrically floating counter
electrode, this constitutes a three-terminal device with the biased electrode acting
as drain, the floating electrode forming the source and the underlying silicon sub-
strate the gate. Application of a potential difference between gate and drain then
leads to an asymmetric potential profile along the nanotube which affects the local
charge distribution on the nanotube which in turn alters the local potential. The
final potential distribution is electronic type specific and results in the distinct
contrast profile monitored by VC-SEM.

The central element of the three dimensional SWNT device model, illustrated
in Figure 4.11(b), is a carbon nanotube with a length of 1 um and a radius of



4.4 Nanotube devices with floating electrodes for voltage-contrast SEM 71

Figure 4.11: Model for the floating vs. grounded electrode simulation (a) and for the SWNT
device simulation (b). The dimensions are not to scale.

0.63 nm centered between two metal electrodes. Both electrodes have a width of
200 nm and a height of 50 nm. The first electrode is 2 um long and its potential is
set to 0V (grounded electrode). The other electrode is 1 ym long and electrically
floating. The full extension of the z-y-plane is 5-2 um?. As before, the electrodes
are situated on the substrate surface which is separated from the gate electrode
(® = Vi) by an 800 nm thick oxide and from the top electrode (& = 0V) by 5 um
of air. The dielectric constants used in this model are € = 108¢, for the metal
electrodes, € = 3.9¢; for the oxide and ¢ = g for air.

Due to the presence of a electrostatic potential, charge carriers are induced on
the semiconducting nanotube. A self-consistent simulation based on the Poisson
equation, V(eV®) = p, accounts for the influence of the local charge carrier
density on the potential distribution in the vicinity of the nanotube [104]. Here
p is the density of free charge carriers. This approach does not reproduce the
evolution of the floating electrode potential, in particular the equilibration of the
floating source and grounded drain electrode potentials at high Vi as observed in
the experiment.

Agreement with experimental observations is only obtained when a variation in
the permittivity of a semiconducting SWNT under the influence of gate bias is
considered. While this approach has not been used in any previous experimen-
tal or theoretical work, the assumption of such a dependence is reasonable since
the permittivity € of a semiconducting nanotube depends on its band-gap AF
(e o« AE™?) and diverges for metallic nanotubes (AE = 0) (see Section 2.1.2
and References [42,43|). As the semiconducting nanotube switches to metallic
behavior under the influence of Vi, its € should also increase and diverge. This
is accounted for by solving the Laplace equation (2.34) with e ranging from 30eq
for a semiconducting nanotube at Vi = 0 to 10%¢, for a semiconducting nanotube
at high Vi or a metallic nanotube [43]. Intermediate values of € represent qual-
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itatively the transition of a semiconducting nanotube from the OFF to the ON
state.

Results and discussion

First the results of the potential distribution for an individual electrode which is
either grounded or electrically floating are reviewed. Figure 4.12 shows a cross sec-
tion perpendicular to the substrate surface. Plotted are the equipotential lines and
electric field distribution around the surface electrodes for Vo = £5V obtained
by solving the Laplace equation (2.34). The two graphs at the top illustrate the
results for a floating electrode arrangement, while those at the bottom show the
situation for a grounded electrode.
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Figure 4.12: Potential ® (background color) and electric field E (arrows) distribution near
floating and grounded surface electrodes (seen in cross section). Floating electrodes acquire
a potential similar to that of the substrate and do not significantly distort the electric field
distribution. Grounded electrodes are at a different potential compared to the substrate and
cause large distortion in the electric field distribution. A region around the electrodes is also
affected due to the field distortion. From Ref. [99].

Floating electrodes acquire a potential similar to that of the substrate and do
not significantly distort the electric field distribution. Grounded electrodes are at
a different potential compared to the substrate and cause large distortion in the
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electric field distribution. A floating electrode therefore shows a contrast similar
to that of the substrate surface, while the grounded electrode appears brighter
or darker than the substrate surface depending on the polarity Vi;. The drain
is always grounded, so sources that are connected to the drain by a conducting
nanotube are also grounded and show similar contrast to the drain, while sources
that are connected by poorly conducting nanotubes are floating and show contrast
similar to the surface.

Figure 4.13: Evolution of the electrostatic potential ® as a function of the dielectric constant ¢
of the bridging nanotube. (a —g) € = 30,103, 10%,10°,10%,107,10%¢(. Insets show the magnified
region around the nanotube and the potential profile along the nanotube. The simulations were
performed at Vg =5V, Vp =0V, Vg is floating. (a) (¢ = 30ep) corresponds to a semiconducting
nanotube at low gate bias, completely in its OFF state. Vg is determined by the electrostatic
coupling to the gate. (g) (¢ = 10%¢y) corresponds to either a semiconducting nanotube at high
gate bias (ON-state) or a metallic nanotube (which has a diverging ¢). Vg is determined by
Vp. (b — f) Intermediate values of & represent the transition from OFF to ON state of the
semiconducting nanotube under increasing gate bias. From Ref. [99].

Now the results obtained for the SWNT device are discussed. Figure 4.13 shows
the calculated potential distribution in the vicinity of the nanotube and surface
electrodes for different nanotube permittivity. While the simulations were per-
formed at Vi; = 5V, the potential distributions scale proportionally for other
values of V. When a semiconducting SWNT is insulating, the potential of the
floating electrode is determined by its electrostatic coupling to the gate. In this
case, the contrast of the floating electrode is similar to the substrate. As the nano-
tube becomes more polarizable, it exerts an increasing influence on the potential
of the floating electrode and its contrast starts to increasingly deviate from the
substrate. When a semiconducting nanotube is in its ON state, or for a metal-
lic nanotube, the potential of the floating electrode is almost entirely coupled to
that of the drain electrode (ground) through the highly polarizable SWNT, and
its contrast is similar to that of the drain and distinct from the substrate. The
nanotube too, has the same potential as the electrodes (and hence uniform con-
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trast) along its length. For intermediate nanotube permittivity, the potential and
contrast along the nanotube decrease from the drain to the source.

A comparison of the contrast profiles observed in the experiment and simulated
potential profiles shows a good qualitative agreement [99]. Quantitative differences
can be explained by the fact that the permittivity € is assumed to be constant
along the length of the nanotube in the simulations. In reality € varies with the
local potential and could significantly deviate close to the contacts, where the
local potential changes rapidly [104]. However, until a quantitative relationship
between ¢ and Vi is established, the approach described above yields the best
simulation of the experimental situation.



5. Field-dependent absorption
spectra of dispersed
single-walled carbon
nanotubes

According to the advanced model for nanotube dielectrophoresis introduced in
Section 3.2, the alignment of dispersed metallic and semiconducting nanotubes
under the influence of external electric fields differs significantly. Monitoring
the degree of alignment under variation of the field strength E,, and the fre-
quency f allows to determine the dielectric properties of the single-walled carbon
nanotubes under examination. The knowledge of the dielectric properties and
derivated parameters—Ilike the critical frequency and critical field strength for
various surfactants—would significantly facilitate the optimization of further ex-
periments regarding the dielectrophoresis of carbon nanotubes.

One method to analyze the alignment is to measure in situ the optical absorbance
of a nanotube suspension subjected to an electric field. The relative change in the
absorbance features originating from the two nanotube species with the external
field parameters would be a measure for the electronic-type-specific nanotube
alignment, which is predicted in Figure 3.10. A similar experiment was reported in
Reference [105]. There, linear polarized laser light passed through a cuvette which
contains SWNTs suspended in ethanol. An AC electric field of frequency f =
4kHz and oriented perpendicular to the light path was applied to the suspension.
An analyzer, which is rotated 90° with respect to the polarizer, allows to detect
small changes in the polarization state of the laser beam which results in an
increased signal detected at the photodiode. The authors report a field-dependent
increase of the signal, which saturates for electric fields of the order of 105V /m.
According to their interpretation the observed effect is due to an alignment of the
dispersed carbon nanotubes. However, since the experimental setup allows only
to detect wavelength-independent changes of the initial polarization it cannot be
ruled out that the optical anisotropy is caused by other particles present in the
solution, in particular since ethanol is not suitable to produce stable suspensions
of individual carbon nanotubes. In the following an experimental setup and first
results are presented of an investigation of the electronic-type-specific alignment
of surfactant-stabilized carbon nanotubes exposed to AC electric fields.
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5.1. Experimental setup

The setup used in this experiment is illustrated in Figure 5.1. The light source is
a Micropack DH-2000-BAL Balanced Deuterium Tungsten Halogen Light Source,
which emits in the spectral range from 250 nm to 1200 nm, i. e. covering the M1 and
the S2 peaks. As detector an Ocean Optics HR4000 High-resolution Spectrometer
is used. Unlike in Reference [105], the experiment is carried out with non-polarized
light and the external electric field is in parallel with the light path. In the case
of random nanotube orientation this results in a maximum value of absorption,
which decreases with an increasing alignment of the nanotubes.

light source

glass with ITO
layer (bottom) CA [

|4 I ~1 mm
spacer with cylindrical — x| L

hole filled with SWNT )
suspension \ glass with ITO
layer (top)

G 1O

Figure 5.1: Schematic of the experimental setup to measure the alignment of dispersed SWNTs
in electric fields. Transparent ITO/glass electrodes connected to a voltage source are used
to generate the external electric field. Non-polarized light traverses the nanotube suspension
parallel to the electric field. Nanotubes that are aligned parallel to the field do not contribute
to the total absorbance.

To create the electric field, two glass slides—each of them covered on one side
with transparent and conductive indium tin oxide (ITO) layers and an optional
protective coating made of polymethylmethacrylat (PMMA)!—are connected to
a voltage source with a 50 () resistor in parallel. As in the experiment described
in Section 3.1, two Agilent 33250A Function/Arbitrary Waveform Generator and
an Empower RF Systems High Power RF Amplifier are used to generate a pulsed
AC signal.

The ITO/glass electrodes are separated from each other by an insulating spacer
made of poly(dimethylsiloxane), PDMS ? containing a cylindrical hole, into which
the nanotube suspension is filled. According to Figure 3.10, large field strength

'In some cases an increased surface roughness was observed after the experiment, which was
interpreted as a degradation of the ITO layer. To prevent this, the ITO was coated with
PMMA. The results of the absorbance measurements do not dependent on the presence of
the PMMA coating.

2The use of PDMS as spacer allows to make use of the adhesion forces between the PDMS and
the ITO/glass slides to seal the test volume [106].
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are necessary to induce a significant degree of alignment of the nanotubes. Con-
sequently the distance between the electrodes should be as small as possible. Due
to practical reasons, a distance of ~ 1 mm was chosen here. Since the absorbance
Abs follows the Lambert-Beer law

Abs =¢€-c-1, (5.1)

where € is the extinction coefficient, c¢ is the concentration and [ is the path length,
this implies the need for highly concentrated nanotube suspensions.® Therefore a
suspension prepared using density gradient centrifugation was used in this exper-
iment (Suspension #6, see Figure A.3).

The experiments are conducted in the following way: First, the test volume is
filled with pure surfactant solution and the absorbance is measured as reference
spectrum. Next, the nanotube suspension is inserted and the impedance spectrum
is measured with an Agilent 4294A Precision Impedance Analyzer. A typical spec-
trum is presented in Figure 5.2. For low frequencies the capacitance emerging from
the boundary between the electrodes and the liquid is the dominant contribution
to the total impedance. If the ITO/glass electrodes are covered with an additional
PMMA coating of ~ 180nm thickness, this capacitance decreases by two orders
of magnitude: Without the PMMA coating, the extension of the double layer,
characterized by the Debye length s~ (see Section E), defines the capacitance.
The Debye length is of the order a few nm for aqueous solutions [71], i.e. it is two
orders of magnitude smaller than the PMMA thickness. When the two capaci-
tances are connected in series, the contribution of the PMMA layer determines
the total impedance, which in effect increases by two orders of magnitude. In the
mid-frequency range the ohmic conduction prevails and for high frequencies the
capacitance of the wiring dominates. If, during the filling procedure, air bubbles
are embedded into the test volume this prohibits an ohmic contact between the
liquid and the ITO/glass electrodes. In this case the plateau with § ~ 0° is absent
in the measurement and the test volume is refilled to ensure the reproducibility
of the experiment.

Now the test volume is inserted in the light path and connected to the voltage
source. A pulsed AC voltage with a typical pulse duration ton = 1 ms and period
7 = 10ms is applied for ¢ = 1min. The frequency f and the voltage V,,, are
varied in each experiment; typical ranges are f = 1-80 MHz and V,,, = 10-250 V.
The absorbance Abs(V,;,) is measured immediately before the voltage is turned
off. The system is then allowed to relax for ¢ = 1 min, before the voltage is turned
back on. Again, an absorbance spectrum Abs(0) is measured at the very end of
the relaxation time to verify the recovery of the initial state. The experiment is
disregarded when irreversible changes in the absorbance are observed.

3Typical absorbance spectra as presented in Figure 2.13 were obtained using an optical path
length of 1cm.
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Figure 5.2: Impedance spectrum of the test volume filled with nanotube suspension (Suspen-
sion #6). The plateau with 6 ~ 0° is indicative of an ohmic conduction through the suspension.
In the presence of a PMMA coating of the ITO/glass electrodes, the total capacitance due to
the liquid—electrode boundary, which dominates in the low-frequency regime and contains con-
tributions of the electronic double layer and the PMMA, decreases by two orders of magnitude.

5.2. Results and discussion

The experiment described above was repeated several times under similar con-
ditions. In each individual experiment the AC voltage V,,—measured with an
oscilloscope at the test volume—was varied while keeping the frequency f fixed or
vice versa, to map the entire parameter space that is accessible with the chosen
setup. The maximum frequency was set to f = 80 MHz due to the specifications
of the frequency generator. The maximum voltage is defined by the performance
of the amplifier, which has a maximum power of 100 W. Due to probably im-
perfect impedance matching in the experimental setup?, the maximum voltage
depends on the frequency and varies between 200V and 350 V. The application of
high voltages can lead to an irreversible change in the absorbance spectrum (see
Figure D.1). To avoid these irreversibilities the applied voltage was generally not
increased above 250 V.

When a voltage V},, is applied to the test volume containing dispersed nanotubes,
the absorbance decreases as compared to the spectrum measured with V;,, = 0.
This is illustrated in Figure 5.3, where absorbance spectra with and without elec-
tric field are presented. A closer look at Figure 5.3(a) reveals that the absorbance
due to single-walled carbon nanotubes decreases with increasing voltage. This in-
dicates an increasing alignment of the nanotubes, which agrees with the predicted
behavior. However, a difference in the alignment of metallic and semiconducting
is not apparent in these measurements.

To allow for a quantitative analysis of the data, the change of the absorbance as
a function of applied voltage and frequency needs to be extracted from the raw

4The wiring is made of unshielded Cu cables instead of BNC cables.
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Figure 5.3: Absorbance spectra of dispersed nanotubes after application of an AC voltage Vj,;,
according to the key with a frequency f = 70MHz for ¢ = 1min (a) and after a relaxation
with V,, = 0 for t = 1min (b). In the presence of the electric field the absorbance decreases;
this decrease appears to be most pronounced near the maxima of the M1 and S2 bands. After
turning off the voltage, the system relaxes into its original state.

data. For this purpose the ‘relative absorbance’ is defined as Abs(V,,)/Abs(0).5
Figure 5.4 shows this value for the same experiment already presented in Figure
5.3. Both the wavelength dependence of the relative absorbance and the increase
of its magnitude with the applied AC voltage are clearly observable. In particular,
the absorbance changes most significantly at the M1 and S2 bands, but a difference
between the two electronic types is not noticeable in this representation.

Using Equations (3.7) and (3.10) it can be shown (see Appendix D) that for small
|Uo|/kpT the relative absorbance depends on the applied voltage as

Abs(vpp> _ 1 + %‘/;321) (5 2)
Abs(0) 14+ 4V2' '

2 ' pp

with constant ¢; > 0. In Figure 5.3 Abs(V,p)/Abs(0)|, is displayed for two fre-
quencies A = 650nm (center of the M1 band) and A = 950 nm (center of the S2
band). The results of a fit according to Equation (5.2) are shown in Table 5.1.

This analysis clearly confirms that the absorbance and therefore the alignment
of the dispersed single-walled carbon nanotubes changes as a function of the ap-
plied electric field and the frequency. As expected, the absorbance decreases with
increasing V,,. A fit according to Equation (5.2) shows good agreement with the
measured data (see Figures D.2-D.5). However, the values obtained for ¢; are
very small and do not reveal any systematics.

5Since Abs(0) is measured before each voltage step, the most recently measured value is always
used as reference.
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Figure 5.4: Field-dependent changes of the nanotube absorbance. The relative absorbance
Abs(Vpp)/Abs(0) for a frequency f = 70MHz is presented in the top graph, while the lower
graph shows the absorbance spectrum in the absence of an electric field for comparison. The
absorbance decreases in the presence of an electric field, resulting in a relative absorbance < 1.
The magnitude of the relative absorbance increases with increasing AC voltage V},;, and exhibits
a clear wavelength dependence—the absorbance reduces mainly at the M1 and S2 bands. This
indicates an increasing alignment of both semiconducting and metallic nanotubes.
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Figure 5.5: Evolution of the relative absorbance with applied voltage for a series of frequencies
f = 50-80 MHz. Plotted is Abs(Vpp)/Abs(0)|x for A = 650nm (full symbols, representing
metallic nanotubes) and A = 950nm (open symbols, representing semiconducting nanotubes).
A similar dependency of the applied voltage is observed for both types of single-walled carbon
nanotubes.
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f [MHz| A [nm] e[V
50 650  (3.959 4 0.381) - 106
50 950 (4130 +0.513) - 10°
60 650  (2.522 +0.125) - 10
60 950 (2.305 + 0.148) - 10°
70 650  (2.646 = 0.296) - 10~
70 950 (3.074 + 0.166) -10°6
80 650  (1.325+0.119) - 10°
80 950 (1.132+0.077) - 10°

Table 5.1: Results of a fit according to Equation (5.2) of the relative absorbance versus applied
voltage as displayed in Figure 5.5.

According to Equation (D.8),

U

“ V;)QP - ]{;B_OT'
In the analysis of the polarization dependent absorption spectra, values of
Up/kpT = 2.3 for metallic and Uy/kpT = 0 for semiconducting single-walled car-
bon nanotubes were determined. Here, ¢,V is of the order of 1070 V=210 V? =
1072 for both electronic types. This is in agreement with the expected behavior
in the case of semiconducting nanotubes, but not for the metallic nanotubes—in
fact, those behave like semiconducting SWN'Ts in this experiment.

(5.3)

In experiments that are carried out at the INT and focused on the dielectro-
phoretic deposition of surfactant-stabilized single-walled carbon nanotubes a sim-
ilar effect is observed: occasionally, metallic nanotubes can not be deposited in
the high-frequency range, even though they should experience an attractive force.
This indicates that their polarizability is disturbed. This occurs only when aged
nanotube suspensions are used. While neither the underlying mechanism nor the
characteristic time scale have been identified so far, a degradation of the electronic
system apparently takes place, caused e.g. by a protonation [107]. A conclusive
interpretation will only be possible after the experiment will have been repeated
using freshly prepared nanotube suspension; the suspension used in this study was
prepared six month prior to the experiment.

Repeating the experiment with single-walled carbon nanotubes dispersed in non-
ionic solvents might give further insights. Non-ionic solvents have a much lower
conductivity o; than the surfactants used in this study. As a result of this,
the Clausius-Mossotti function changes significantly for non-ionic solvents, which
might cause the dielectrophoretic torque to dominate the alignment of the nano-
tubes at lower electric field strengths. However an alternative process to solu-
bilize and stabilize the nanotubes is required in non-ionic solvents. In a recent
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work it was shown that stable suspensions of individual single-walled carbon nano-
tubes can be produced by the use of aromatic polymers in organic solutions [108].
Additionally the non-zero conductivity of semiconducting nanotubes observed in
ionic surfactants-which is understood to be due to a finite surface conductiv-
ity caused by diffusive ions [25]—should be absent in non-ionic solvents such as
toluene [108,109]. This will severely change the behavior of semiconducting nano-
tubes under DC and AC dielectrophoresis.

Summary

The alignment of single-walled carbon nanotubes under the influence of exter-
nal electric fields depends on the dielectric properties of the nanotubes and is
therefore expected to differ significantly for the two electronic types. An analy-
sis of the degree of alignment as a function of the external electric field should
allow to determine the electronic properties of the nanotubes under examination.
With the experimental setup introduced above, the absorbance of dispersed car-
bon nanotubes can be measured under variation of the electric field strength and
frequency. Since nanotubes predominantly absorb light which is polarized parallel
to their axis, the average orientation of a nanotube sample can be deduced from
the measured absorbance.

The results of a measurement on surfactant-stabilized carbon nanotubes demon-
strated a dependency of the average alignment on the applied electric field and
qualitatively confirmed the expected behavior. However, the effect was small and
not electronic-type-specific. The analysis revealed that the observed behavior
of metallic nanotubes resembles the expected—and observed—behavior of semi-
conducting nanotubes. This might be explained by a degradation of the electronic
system of the metallic single-walled carbon nanotubes; however, the underlying
mechanism remains obscure. For a conclusive interpretation of the data, the ex-
periment has to be repeated with freshly prepared nanotube suspension.

A similar experiment on single-walled carbon nanotubes dispersed in non-ionic
solvents is considered very promising, as it might reveal new insights. The dielec-
tric properties of non-ionic solvents differ greatly from those of aqueous systems.
In particular the conductivity is significantly reduced, which should also dimin-
ish the surface conductivity of semiconducting nanotubes. This will change the
overall behavior of single-walled carbon nanotubes under dielectrophoresis with
respect to the so far studied systems. In particular, the dielectrophoretic torque
might dominate at smaller field strengths.



6. Transport of single-walled
carbon nanotubes through
nanopores

As discussed in the previous chapters, dielectrophoresis allows for the separation
of metallic and semiconducting nanotubes on interdigitated electrode arrays. In
this setup, the electric potential and thereby also the electric field strength decays
exponentially in the direction normal to the sample surface according to ®(z) o
exp(—2mz/A) [110]. Here, A is the period of the interdigitated electrodes, which—
for the generation of electric fields of ~ 107 V/m or more—needs to be of the order
of no more than a few ym. Consequently, the range in which the directed motion
generated by the dielectrophoretic force exceeds the random Brownian motion
is restricted to a few micrometer above the electrode array. Dielectrophoresis
on interdigitated electrodes and other planar electrode structures therefore has
a two-dimensional character and is efficient only for small volumes of nanotube
suspensions (~ pul).

There were some proposals how to overcome this limitation. In a first approach
a dielectrophoretic deposition on cm? sized electrode structures was repeated sev-
eral times using the same suspension volume [28]. It could be shown that the
suspension became gradually enriched in semiconducting nanotubes (from 65 %
to 94%). However, this technique uses planar electrode structures to generate
the electric fields and is therefore not scalable to high solution throughput either.
Another method employs a continuous-flow microfluidic system with isolated elec-
trodes [29]. Compared to the static dielectrophoresis, the separation efficiency of
the microfluidic approach is reduced, possibly due to residual nanotube bundles
and a very short period during which the nanotubes are exposed to the AC volt-
age. The authors claim that future improvements of the microfluidic separation
cell might enable efficient bulk separation; however, this is yet to be verified ex-
perimentally.

The ultimate approach towards a truly scalable dielectrophoretic separation con-
sists of a setup where the electric fields act throughout a suspension volume of
several ml and which as result yields two volume fraction, one containing the
metallic, the other the semiconducting SWNTs. For this, the so-called electrode-
less dielectrophoresis is a promising candidate.
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Principle of electrodeless dielectrophoresis

Electrodeless dielectrophoresis was introduced for the dielectrophoretic trapping
of molecules, e.g. as part of a micro total analysis system [111,112]. In an elec-
trodeless dielectrophoresis setup, a homogeneous electric field is generated inside
a conducting liquid by two parallel macroscopic electrodes. The liquid volume is
subdivided in two ‘half cells’ by an insulating membrane positioned centrally be-
tween and in parallel with the electrodes, which exhibits one or many holes. These
holes act as constriction for the liquid and the electric fields and thus constitute
regions of high electric field inhomogeneity.

The potential distribution at the constriction and in particular the region of field
inhomogeneity is defined mainly by the shape of the hole. In a double-conical
hole, as used in References [111,112], the electric field is strongly focused at the
constriction. In a cylindrical hole on the other hand, the field is homogeneously
enhanced within the whole pore and the field inhomogeneity is limited to the region
just outside the hole. Figures 6.1(a) and (b) show the electric field distribution for
these two configurations; the electric field strength is specified by the color code
and the white lines represent the field lines. These two examples demonstrate
that, again, the dielectrophoretic forces are restricted to a small volume fraction,
namely the region close to the holes. Therefore a driving force is required to
translate the nanotubes contained in the bulk volume into the vicinity of the
membrane. This driving force, which might be established by a DC bias between
the electrode or a difference in the hydrostatic pressure between the two half cells,
will also break the otherwise symmetric force field.!

Figure 6.1: Electric field distribution in a double-conical constriction (a) and in a cylindrical
hole (b). The colors represent the electric field strength in V/m according to the color keys and
the field lines are illustrated in white.

'Due to the symmetry of the setup, the dielectrophoretic force is equal on either side of the
membrane.



85

Regarding the use of electrodeless dielectrophoresis to separate metallic and semi-
conducting nanotubes, it is crucial to optimize all parameters such that the semi-
conducting nanotubes are repelled from the pore regions while the metallic nano-
tubes are attracted into the pores by the dielectrophoretic force and transported
through them by the above mentioned driving force, e. g. an electrophoretic force.
Starting with a suspension containing individually dispersed nanotubes on the one
side of the membrane and pure surfactant suspension on the other side, this setup
then allows to separate the two nanotube species into two volume fractions.

Elektrokinetics

The translation of a colloidal particle with non-zero net charge and suspended in
a liquid medium under the influence of an external electric field is called electro-
phoresis [71]. Unlike dielectrophoresis, which requires an inhomogeneous field,
electrophoresis occurs in electric fields which are constant in time and space. The
net charge @ of the particle is defined through its surface charge o, Q = [ 0, dS,

and the electrophoretic force due to Coulomb interaction is given by Fe, = QE .
The friction between the particle and the viscous liquid leads to a constant velocity
v. The electrophoretic mobility p. is defined as

(6.1)
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When immersed in an electrolyte, particles are surrounded by an electrical double
layer (EDL) formed by the ions in suspension. The charges in the double layer
screen the surface charge of the particle such that it appears electrically neutral.
Still, in the presence of an electric field the particle moves. It turns out that
actually the counter ions in the EDL move and drag the fluid with them, an effect
called electroosmosis. However, due to its viscosity, the fluid remains immobile
and instead the particle is pushed in the direction opposite to the fluid flow. Thus
the particle appears to be moving as if the field was acting on its surface charge.
The reason for this lies in the properties of the EDL.

The electrostatic interaction between the non-zero surface charge of the parti-
cle and the ions in suspension effectuates the attraction of ions with opposing
charge (counter ions) and the repulsion of ions with like charge (co-ions). As illus-
trated in Figure 6.2, the resulting charge distribution around the particle can be
separated into several regions: Closest to the particle lies the Stern layer, which
consists of ions adsorbed to the surface (also called ‘inner Helmholtz layer’) and
bound hydrated ions (called ‘outer Helmholtz layer’). Within the Stern layer, the
potential drops linearly from the surface potential to the potential at the outer
Helmholtz layer. The adjacent region, which contains a high density of counter
ions and a low density of co-ions, forms the diffusive layer. Here, the potential
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Figure 6.2: Schematic of the electrical double layer. The left representation depicts the change
in the charge density and the right model shows the distribution of positive and negative ions
surrounding a charged colloid. The layer of bound or tightly adsorbed ions is called Stern layer
and the adjacent region containing a high density of counter ions and a low density of co-ions
forms the diffusive layer. From Ref. [113].

decays exponentially with a characteristic decay length equal to the Debye length
kL

According to the nature of this classification, the contact region between the
outer Helmholtz layer and the diffusive layer defines the slip plane, i.e. the region
at which the fluid starts to move with respect to the particle’s surface. The
potential at this slip plane is commonly called (- (zeta-)potential.?

The total charge of the particle and the surrounding electronic double layer is zero
and, consequently, this entity does not experience a Coulomb force. However, the
ions in the diffusive layer have the same mobility as the bulk solution, and the ions
in the Stern layer are bound but also have non-zero mobility. They move under
the influence of the electric field and thus give rise to a fluid motion around the
particle (electroosmosis). Due to the excess of counter ions in the EDL, the fluid
motion is directed opposite to the motion the unscreened particle would acquire.
Since this ionic movement occurs in the regime of low Reynolds number (the fluid
is viscous and the particles are very small), the bulk liquid remains stationary and
the moving ions instead push the particle in the opposite direction. Again, this
picture is only a simplification: The electric field additionally invokes a charge
separation in the EDL, with the co-ions moving ahead of the particle and the
counter ions moving in the opposite direction, which results in a polarization of
the EDL. The polarization field can go with or against the external electric field,
thereby either increasing or decreasing the electrophoretic velocity of the particle.

2Note that this model is a simplification of the realistic situation and that the precise form
of the EDL and the position and extension of the slip plane are still under debate. A more
detailed picture as well as further references can be found in Reference [114].
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Clearly, the functional dependence of the electrophoretic velocity on the para-
meters of the EDL is generally quite complex. However, in practice the EDL
is characterized by its extension x~! with respect to the particle radius a and
two limiting cases are considered: In the ‘thin double layer approximation’ with
rka >> 1, which is satisfied by many aqueous dispersions,

e = & (Helmholtz-Schmoluchowski limit), (6.2)

n
where n and € denote the viscosity and the permittivity of the liquid. For ‘thick
double layers” with ka << 1, as satisfied for very small particles and very low
ionic strength of the electrolyte,

_ 2

He =3 (Hiickel-Onsager limit). (6.3)
n

In a more general approach, the mobility is written as

_

., (ka) (Henry). (6.4)

e

The above relations are based on the—very restrictive—assumption that the
structure of the EDL is not distorted by the applied electric field and they neglect
the effect of surface conduction.

6.1. Experimental

6.1.1. Experimental setup

To investigate the electrodeless dielectrophoresis of single-walled carbon nano-
tubes, a cell was designed that permits to monitor the content of nanotubes in
both half cells by in situ measurements of the absorption. This ‘DEP cell’, a
photograph of which is presented in Figure 6.3, has a cylindrical geometry. It
consists of two identical half cells with a length of 10 mm and radius of 5 mm,
which are separated by a 6 um thick polycarbonate membrane® with cylindrical
pores of 10-100nm diameter and a density of n = 6 - 10'2m=2.4 The electrodes
are made of glassy carbon® and are located at the two faces of the cylinder. The
electric field is therefore oriented parallel to the cylinder axis.

To measure the absorbance, two holes were drilled into the sidewalls of each
half cell into which collimators are screwed. Optical fibers can be attached to and

3The membranes were purchased from Pieper Filter GmbH [115].
4For the plots shown in Figure 6.1(b) and (c) a diameter of r = 100 nm was assumed.

®Purchased from HTM Hochtemperatur-Werkstoffe GmbH [116].
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Figure 6.3: Photograph of the DEP cell. The individual components are referred to in the
text.

detached from the collimators without disturbing the experiment. The collimators
are situated such that the path of light inside the DEP cell is perpendicular to the
cylinder axis. As light source and detector a Micropack DH-200-BAL Balanced
Deuterium Tungsten Halogen Light Source and an Ocean Optics HR4000 High-
resolution Spectrometer are used as in the experiment described in Chapter 5.

To fill (drain) the suspension into (from) the DEP cell, a small hole is positioned
at the bottom of both half cells. Each is equipped with a micro connector that
allows to connect syringes containing the suspension. Since the whole setup is
designed to be water-tight, another small hole is necessary at the top of each half
cell to enable air exchange during the filling and unfilling process. During the
experiment this hole can be easily sealed with scotch tape.

In a typical experiment the two half cells are filled simultaneously (to avoid pres-
sure differences on the two sides of the membrane), one with nanotubes dispersed
in surfactant solution and the other with pure surfactant solution. The two filled
half cells will be called ‘CNT side’ and ‘soap side’ in the following. Before starting
the experiment, the absorbance on the soap side is measured as reference. Then a
spectrum of the CNT side is taken. While the experiment runs, the development
of the absorbance of the soap side is monitored—the appearance of nanotubes
in this half cell leads to significant changes in the spectrum. At the end of the
experiment, the contents of each side are removed from the DEP cell and the ab-
sorbance spectra are measured with a Varian Cary 500 UV-Vis-NIR spectropho-
tometer. This spectrometer covers a wider wavelength-range (200-1800 nm) than
the spectrometer used for the in situ measurements (200-1100nm) and therefore
allows to probe the S1 band in addition to the M1 and S2 bands.
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Figure 6.4: Circuit diagram of the experimental setup to measure transport of single-walled
carbon nanotubes through nanopores in a DC (a) and AC (b) experiment. The DEP cell is
highlighted in orange; the two half cells denoted ‘CNT side’ and ‘soap side’ are filled with
nanotubes dispersed in surfactant solution and pure surfactant solution, respectively, at the
beginning of the experiment.

Figure 6.4 shows the circuit diagram of the experimental setup to measure trans-
port of single-walled carbon nanotubes through nanopores. In a DC experiment
(Figure 6.4(a)), a Keithley 6430 Sub-Femtoamp Remote SourceMeter is used as
voltage source. For an AC experiment (Figure 6.4(b)), the signal is generated with
an Agilent 33250A Function/Arbitrary Waveform Generator and an Empower RF
Systems High Power RF Amplifier. The AC voltage signal is monitored with an
oscilloscope and the AC current is measured with a Keithley 2000 Multimeter.

Due to experimental observations discussed later (see Section 6.2.1), the setup
described so far was optionally extended with a “Genie” Programmable Syringe
Pump (Kent Scientific Corporation). The pump was connected to the soap side
via the micro connector at its bottom hole. By withdrawing the liquid from the
otherwise sealed soap side, a hydrostatic pressure is built inside the DEP cell that
enforces a liquid motion through the membrane from the CNT side into the soap
side.

6.1.2. Impedance spectroscopy of the DEP cell

To identify the dominant contributions to the impedance of the experimental
setup, the impedance spectrum of the DEP cell filled with various types of sus-
pensions (distilled water and D,O with different concentrations of SDBS) was
measured in the frequency range f = 50-10° Hz with an Agilent 4284A Precision
LCR Meter. Two membranes with differing pore sizes (10nm and 50 nm) were
examined. The results are illustrated in Figure 6.5.

The measurements clearly indicate that the ohmic conduction (© = 0°) prevails
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Figure 6.5: Impedance spectra of the DEP cell filled with various types of suspensions. Plotted
are in (a) the absolute value |Z| and in (b) the phase © versus excitation frequency for pore
sizes of 10nm and 50 nm (closed and open symbols, respectively). The ohmic conduction (© =
0 °) dominates in a wide frequency range. The resistance decreases with increasing solution
conductivity and is virtually independent of the pore size.

the total impedance in a wide frequency range. The resistance diminishes with
increasing SDBS content due to the growing number of surfactant ions. In partic-
ular, for a SDBS content of 1weight %, as used in most of the experiments, the
resistance is in the range of a few k(2.

There are two contributions to the ohmic resistance of the liquid: one is the
resistance of the liquid volume contained in the two half cells, R;, and the other
is the resistance caused by the sum of constrictions in the pores, Ry = 1/N - Rj,
where Rj is the resistance of a single pore and N is the number of pores®. R; and
R3 can be easily calculated from the characteristic dimensions (length L and area
A) according to R = 1/0- L/A. It follows Ry ~ 1k (in good agreement with the
impedance measurements), Rz =~ 10'°Q and Ry =~ 30 Q. Obviously, the resistance
of a single pore exceeds R; by several orders of magnitude, but due to the high
number of pores in the membrane, the resistance Ry is two orders of magnitude
smaller than R;.” As a consequence, the voltage drop at the membrane Viembrane
is only a small fraction (Ry/Ry) of the voltage applied at the electrodes. However,
since this voltage drop occurs over a length which is defined by the membrane

SN = n - Amembrane With pore density n = 6 - 10'2m~2 and membrane surface Amembrane =
7+ (5mm)?2.

"Since R; >> R, for all pore radii used in this study, the impedance spectra are virtually
independent of the pore radius, as apparent from Figure 6.5.
The large number of pores also inhibits to detect the transport of nanotubes through the
pores by measuring the current noise in the setup [117]. In the case of single pores this
technique allows not only to detect the translocation of a molecule, but also to determine its
length by measuring the dwell time [118].
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thickness of 6 um, the electric field is still significantly enhanced inside the pores
as compared to the two half cells (with a length of 10 mm each).

6.2. Results and discussion

To determine the performance of the experimental setup and identify the existing
forces, first experiments were conducted using large nanopores (50-100nm) and
short single-walled carbon nanotubes (dispersed in SDBS or NaCh solution), to
facilitate the movement of the nanotubes through the pores. In the following, first
experiments with both DC and AC voltages and their results are presented and
the implications of the observations are discussed.

6.2.1. Experiments with DC voltage

According to the results of the measurements described Appendix E, to translocate
single-walled carbon nanotubes from the CN'T side to the soap side, a positive DC
bias Vp¢ has to applied to the soap side. A number of experiments was conducted
with Vpe = 0-5V and a pore size of 50nm. No appearance of nanotubes in the
soap side was observed. Instead, a liquid flow from the soap side to the CNT side
became apparent: the fluid level of the soap side, which can be monitored by eye
through the top hole of this half cell, increased visibly within an observation time
of several minutes.

This is again a consequence of the ionic surfactant, which forms an electronic
double layer not only around the nanotubes but also at other material surfaces,
e.g. at the membrane and in particular inside the nanopores. As described above,
the ions in the EDL are accelerated by the applied electric field, giving rise to
a fluid flow called electroosmosis. While in the case of a small particle inside a
bulk liquid this effect leads to a particle motion in the opposite direction, in the
case of the liquid inside the capillary with immobile walls the EDL actually starts
to move and drags along the liquid it encloses. An illustration of this effect is
shown in Figure 6.6.> Due to adsorbed surfactant molecules, the surface charge of
polycarbonate is negative and positive counter ions prevail in the EDL, causing a
fluid movement in the direction of the electric field.

Apparently the electroosmotic fluid flow prevents the electrophoretic motion of
single-walled carbon nanotubes through the nanopores. To compensate for the
effect of electroosmosis, two approaches were pursued: (1) A syringe pump was
connected to the soap side and set to a constant rate of withdrawal (~ 10 pl/min).

8Under the assumption of a thin double layer it can be shown that the liquid acquires a
velocity distribution that is nearly uniform throughout the channel [119], unlike the common
parabolic velocity profile inside a fluid channel.
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Figure 6.6: Schematic of electroosmosis in a micro channel. In the electronic double layer
formed at a negatively charged surface, positive charge carriers dominate. Under application of
an external DC voltage, the movement of the positive charges gives rise to a fluid movement
directed towards the negative electrode. From Ref. [120].

(2) A thin metal layer (Ti/Pd) was sputtered onto both sides of the membrane.
The electroosmotic flow from the soap side to the CNT side leads to a depletion
of positive ions on the soap side and an excess on the CNT side. If the charges
were trapped on the metal coating, this would result in a local electric field which
might eventually cancel the opposed global field.

In the experiment the latter approach did not show any effect—the electroosmotic
flow still prevails and the carbon nanotubes do not pass through the membrane.
The application of a hydrostatic pressure, on the other hand, efficiently enforces
both liquid and nanotube motion from the CNT side into the soap side. However,
it is most likely that in this case the nanotubes are merely dragged along by the
liquid and that the influence of electrophoresis is negligible.

Only in one experiment did the absorbance spectrum on the soap side display a
distinct shape as compared to the original SWNT spectrum. In this experiment
a metal coated membrane as well as the syringe pump were used and both the
applied voltage and the pump rate were varied repeatedly during the experiment.
Figure 6.7 shows the data measured on the content of the soap side after the exper-
iment (red curve in the upper graph) and, for comparison, the starting suspension
(black curve in the lower graph).

A comparison between the two curves shows clearly that the shape of the M1 band
after the experiment differs strongly from the original shape—the ‘fine structure’
indicates a reduction of large diameter tubes and a enhancement of small diameter
tubes (for comparison, see also Figure 2.13). Also, the M1 band is significantly
pronounced with respect to the S2 band.

The S1 band is suppressed to a large extent. This is indicative of a decreased
pH value [107] and indeed, a pH value of 2-3 was measured. The pH change
is caused by the application of a DC voltage larger than the dissociation energy
of water (41.23V). Comparative experiments with either pure DO or nanotube
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Figure 6.7: Absorbance spectrum measured after a DC experiment with a metal coated mem-
brane and a variable pump rate. The red curve in the top graph shows the absorbance of the
content of the soap side and the black curve in the bottom graph represents the starting so-
lution; the dashed lines mark the centers of the M1, S2 and S1 band. The red curve displays
two distinctive features: (1) The M1 band is strongly pronounced especially for small diame-
ter nanotubes with respect to the S2 band. (2) The S1 band is severely suppressed and also
distorted, indicating a contamination of the DoO with atmospheric H5O.
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Figure 6.8: Absorbance spectrum measured after a comparative DC experiment. The pH
values are indicated in the graphs; the dashed lines mark the centers of the M1, S2 and S1 peak.
The height of the S1 band depends strongly in the pH value, but the M1 and S2 bands are
mostly unperturbed.
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suspension in both half cells verify a pH value of 2-3 at the cathode side and a
value of 89 at the anode side after application of +5V. Figure 6.8 shows the
corresponding absorbance spectra; the influence of a small pH value on the S1
band is very strong, however no change in the intensities of the M1 and S2 bands
are observed. The ratio of the M1 and S2 band intensities is therefore a pH-
independent measure of the sample composition.

From this analysis it can be deduced that more metallic than semiconducting
single-walled carbon nanotubes were translocated, as intended by the experimental
design. Unfortunately it was not possible to reproduce these experimental results.

6.2.2. Experiments with AC voltage

According to the results of the experiments with DC voltage, the application of a
DC voltage does not yield the anticipated electrophoretic motion of single-walled
carbon nanotubes from the CNT side to the soap side. Instead, the effect of
electroosmosis is dominant and causes a liquid movement in the opposite direc-
tion and, additionally, the pH value of the liquid changes for voltages above the
dissociation energy of water: electrophoresis is obviously not a suitable driving
force in this system. In the next step, the effect of AC voltages with and without
the pumping option was investigated. Provided the experimental parameters are
chosen properly, the application of hydrostatic pressure (by withdrawing the lig-
uid from the soap side) and an AC voltage V;,, should result in a translocation of
preferentially metallic carbon nanotubes.

In the series of experiments described in the following, the pumping rate was
either set to 6 ul/hr?, which is the minimum rate accessible with the syringe pump,
or the pump was switched off. In the latter case the driving force is entirely due
to diffusion. Either a pulsed AC voltage'® of V,, = 100V and f = 10-50 MHz
was applied or the AC signal was turned off as well. Short nanotubes dispersed
in DO with 1weight % NaCh and Iodixanol and membranes with a pore size of
100 nm were used.

Figure 6.9 shows the absorption spectra obtained in this series of experiments.
The black curve in Figure 6.9(a) illustrates the absorbance of the starting suspen-
sion. The M1 and S2 bands are marked and the dashed and dotted lines emphasize
the central peak (at 650 nm and 950 nm) and the subpeaks caused by nanotubes
with relatively small and large diameter (subpeaks to the left and right of the
central peak, respectively).

The red curve in Figure 6.9(b) was measured on the content of the soap side after

9Due to this low pumping rate, the run time of the experiments was four days. Comparative
experiments without pumping lasted as long.

10A pulsed signal with ton = 50 us and 7 = 1 ms was used instead of a continuous voltage to
reduce the amount of power dissipated in the DEP cell.
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Figure 6.9: Absorbance spectra measured after AC experiments. An analysis of the observed
features is given in the text. Note the different scales of the ordinate in the subfigures.

an experiment with AC voltage of V,, = 100V and f = 10 MHz and a pumping
rate of 6 ul/hr. The absorbance largely resembles that of the original suspension,
with the signal being reduced by approximately a factor of 3 due to dilution.
Comparing the heights of the M1 and S2 band (central peak), an increase of the
metallic band becomes apparent. Also, the left subpeak of the S2 band (caused by
nanotubes with comparatively small diameter) is slightly enhanced with respect to
the central peak. This becomes more obvious in Figure 6.10, where the absorbance
spectra normalized with respect to the central S2 peak at 950 nm is plotted for
the same series of experiments.

After an experiment with zero pumping rate, V,, = 100V and f = 50 MHz, the
green curve in Figure 6.9(c) was obtained. The signal intensity is much lower
(less than one-tenth of the original suspension), since the translocation of single-
walled carbon nanotubes is not very efficient when the process is purely diffusive.
However, the trends discussed for the red curve are still valid and have even
intensified (see Figure 6.10): The height of the M1 band has further increased
with respect to the S2 band. The change in the relative heights of the subpeaks
of the S2 band is also more pronounced; the subpeak caused by large diameter
nanotubes has almost disappeared and the central peak and the left subpeak are
at the same level.

Apparently, the observed translocation of single-walled carbon nanotubes
through nanopores is, to a certain extent, both diameter selective—a closer look
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Figure 6.10: Normalized absorbance spectra of the same set of data presented in Figure 6.9.
This illustration emphasizes the relative changes in the heights of the M1 and S2 bands as
discussed in the text.

into the evolution of the M1 band reveals a similar although somewhat reduced
enhancement of small diameter nanotubes—and electronic type selective. The
diameter selectivity might be caused by a preferred transport of small nanotubes
through the constrictions. In this case, a reduction of the pore size should further
decrease the probability of a passage of large and eventually also small nanotubes,
while an increase above a critical value should cease the diameter selectivity.

To validate whether the favored translocation of metallic nanotubes through the
membrane is caused by the dielectrophoretic forces, the experiment is repeated
without applied voltage. The resulting absorbance on the soap side is represented
by the blue curve of Figure 6.9(d). Except for a further decrease of the signal,
the absorbance changes slightly with respect to the green curve. Obviously the
observed effects are mostly independent of external fields and therefore caused by
dielectrophoresis.

The experiment was repeated again with smaller nanopores (10 and 30 nm), with
or without an applied voltage (V,,, = 100V and f = 50 MHz) and in the absence
of pumping. In neither case was the presence of carbon nanotubes detectable in
the content of the soap side. This indicates that the pores are too small to allow
for a translocation driven by the diffusion.

Summary

The influence of DC and AC electric fields and hydrostatic pressure on the translo-
cation of single-walled carbon nanotubes through nanopores was studied in a
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test cell. Measurements of the electrophoretic mobility of carbon nanotubes es-
tablished a negative surface charge of carbon nanotubes, which therefore under
electrophoresis move in the direction opposite to the external field. However,
when a DC voltage is applied to the test cell, electroosmosis inside the nanopores
leads to a strong liquid motion opposed to the anticipated nanotube movement,
thereby inhibiting the translocation of carbon nanotubes due to electrophoresis.
Additionally the pH value in the two compartments of the cell changes if the ap-
plied voltage exceeds the dissociation energy of water. In one experiment, the
combination of a DC voltage and a counteractive hydrostatic pressure resulted
in a strong enhancement of the M1 peak in the absorbance spectrum; this could
unfortunately not be reproduced in further experiments.

A series of experiments under variation of the applied AC voltage and the pump-
ing rate revealed a preferential translocation of small diameter nanotubes through
the membrane. The process also proved to be electronic type specific to a small
extent. However, both effects turned out to be independent of the AC field.
While the reason for the reduction of the semiconducting nanotubes could not
be identified, the diameter selectivity is apparently intrinsic to a diffusive trans-
port of single-walled carbon nanotubes through the constrictions. These results
indicate that the chosen experimental setup might be suited for an upscaling of
the separation of surfactant-stabilized carbon nanotubes by means of electrodeless
dielectrophoresis, however the process parameters need to be further explored. As
in the previous chapter, the use of single-walled carbon nanotubes dispersed in
non-ionic solvents might give further insights. For example the effect of electro-
osmosis should be absent in such systems.
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7. Summary and outlook

This work was focused on the behavior of single-walled carbon nanotubes under
the influence of dielectrophoretic forces. In particular, it aimed at an profound
understanding of the fundamental processes in dielectrophoretic separation and
assembly experiments.

In the first part, the dielectrophoretic deposition of single-walled carbon nano-
tubes onto interdigitated electrode arrays was studied. The use of an electrode
material with an insulating oxide layer (Al/AlyO3) allows to produce continuous
films of carbon nanotubes with this method. It was shown that the application
of high electric fields leads to a deposition of semiconducting nanotubes even for
frequencies above the cross-over frequencies observed before. Additionally, po-
larization dependent absorption spectroscopy of the nanotube film revealed that
metallic and semiconducting nanotubes possess a significantly different degree of
alignment with respect to the electric field during deposition: metallic nanotubes
are well aligned parallel to the electric field, while semiconducting nanotubes are
randomly oriented on the sample. Two important conclusions were drawn from
this observation: the nanotubes are deposited individually and, although both
electronic types experience a positive dielectrophoresis, their response to the elec-
tric field is incisively different. To explain the experimental observations, the
theoretical framework which is generally used in the context of nanotube dielectro-
phoresis was revised. The formalism for the dielectrophoresis of rod-like particles
is derived under the assumption of a specific and constant orientation of the par-
ticle with respect to the electric field. The advanced model that was introduced in
this work allows for an arbitrary orientation which is determined by the relation
between the the dielectrophoretic torque and the thermal energy. Furthermore,
the basic model considers only the dielectric properties along the long axis of the
particle. However, single-walled carbon nanotubes exhibit a large anisotropy both
in their geometric as well as their dielectric properties. This is explicitly incor-
porated into the advanced model. The new formalism was used to predict the
average alignment of metallic and semiconducting nanotubes as a function of the
electric field strength and frequency. At low frequencies both nanotube type show
a similar behavior, however at high frequencies, their alignment differs signifi-
cantly: In the case of metallic nanotubes, moderate deposition parameters suffice
to obtain a highly ordered phase. Semiconducting nanotubes, on the other hand,
preserve the isotropic phase up to much higher field strength, and transitions from
one stable position into another in the ordered phase are predicted. A fit of the ex-

99
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perimental data using the advanced model showed a good agreement between the
calculations and the experiment. The topic of the deposition of semiconducting
nanotubes at high frequencies was addressed in a simulation based on the finite
element method. The results gave evidence that within a certain frequency range,
which is determined by the dielectric properties of the nanotubes, semiconducting
nanotubes experience a positive dielectrophoresis solely due to their orthogonal
polarizability, which was neglected in previous calculations.

Further finite element simulation were carried out to explain experimental results
obtained at the INT, e. g. on the deposition of short metallic single-walled carbon
nanotubes onto gold electrodes, structured either on insulating quartz glass or on
oxidized conducting silicon substrate. A simulation of the dielectrophoretic force
fields in both structures showed that the presence of the conducting substrate leads
to a repulsion of the nanotubes in the central region of the electrode gap, while
the dielectrophoretic forces are attractive troughout the gap in the case of the
isolating substrate. The results are consistent with the experimental observation
of a substrate-specific deposition pattern.

The self-limiting behavior observed during the dielectrophoretic assembly of
single-walled carbon nanotubes to form single-nanotube devices was initially ex-
plained by a short-circuiting of the electrodes by the nanotube. However, by means
of impedance spectroscopy carried out at the INT this explanation was suggested
to be invalid and an alternative mechanism was proposeded, which involves a redis-
tribution of the electric field. The potential distribution and the dielectrophoretic
force in the electrode gap calculated in a finite element simulation support the
latter explanation: In the absence of a nanotube, the dielectrophoretic force is
attractive within the electrode gap. After the deposition of a nanotube, strong
repulsive forces develop in the region around the nanotube, preventing further
nanotube deposition. This change of the dielectrophoretic force fields is due to
the high permittivity of the nanotube-surfactant hybrid as compared to the aque-
ous media.

A further simulation treated the examination of single-nanotube devices in the
SEM and the prospect of using voltage-contrast SEM to characterize the electronic
properties of the nanotubes: an electronic-type-specific evolution of the contrast
displayed by single-walled carbon nanotubes under variation of the back-gate volt-
age was observed at the INT. First, the contrast difference between an electrically
floating and a grounded electrode was explained by modeling the potential and
electric field distribution in both cases. The simulations showed that floating
electrodes acquire a potential similar to the substrate and therefore do not distort
the electric field distribution. Grounded electrodes on the other hand cause large
distortions of the surrounding electric field. As a consequence, floating electrodes
display a contrast similar to the substrate and grounded electrodes appear brighter
or darker, depending on the polarity of the back-gate voltage. In the next step, the
contrast evolution of a nanotube deposited between a grounded and an otherwise
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floating electrode was modeled. The simulation is based on the assumption that
the permittivity of the semiconducting nanotube varies under the influence of the
gate bias: For low nanotube permittivity, the influence of the nanotube on the
potential of the floating electrode is negligible. As the nanotube becomes more po-
larizable, the influence increases until finally, for a semiconducting nanotube in its
ON state or a metallic nanotube, the floating electrode is entirely coupled to the
grounded drain electrode via the nanotube. The calculated potential distributions
showed good agreement with the experimental observations.

Due to a strong depolarization effect perpendicular to their axis, single-walled
carbon nanotubes predominantly absorb light polarized parallel to the axis. In
an adequate experimental setup, the absorbance spectrum of a nanotube sample
changes as a function of the average orientation of the nanotubes. According to
the advanced model for dielectrophoresis established in this work, the alignment
of metallic and semiconducting nanotubes in external electric fields differs signif-
icantly. As the alignment uniquely depends on the dielectric properties of the
nanotubes, those can be determined by monitoring the alignment as a function of
the electric field strength and frequency. An experiment was designed to measure
the absorbance—and thereby the degree of alignment—of both electronic types
under variation of the applied electric field. First results obtained for surfactant
stabilized single-walled carbon nanotube suspensions revealed a change of the ab-
sorbance when an electric field is applied. When compared to the absorbance
in the absence of the electric field, the relative absorbance—and thus the av-
erage alignment—qualitatively features the expected dependency. However, the
dependence is weak and equal for both nanotube species. Based on experimental
results regarding the dielectrophoretic deposition, it appears that the electronic
properties of the metallic carbon nanotubes are disturbed, causing the metallic
nanotubes to behave similar to the semiconducting ones. Further experiments are
necessary to allow for a conclusive interpretation of the observations and to deter-
mine the influence of aging of the nanotube suspensions. Additionally, the use of
single-walled carbon nanotubes dispersed in non-ionic solvents is very promising.
Both the conductivity of the liquid and the surface conductivity of the nanotubes
are expected to be drastically reduced for non-ionic solvents. This will signifi-
cantly change the overall behavior under dielectrophoresis and might also cause
the dielectrophoretic torque to dominate the average alignment at lower electric
field strength, thereby facilitating this experiment.

It was suggested to apply the principle of electrodeless dielectrophoresis to the
separation of single-walled carbon nanotubes. In an electrodeless dielectrophoresis
setup two liquid volumes are separated by a insulating membrane, which contains
one or many holes. When a homogeneous electric field is applied to the bulk
liquid with the field vector directed perpendicular to the membrane, the field is
“squeezed” through the constrictions. This results in strong field inhomogenities
inside and near the holes. Since the corresponding dielectrophoretic forces are re-
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stricted to the vicinity of the membrane, an additional driving force is required to
move the particles from the bulk liquid to the membrane. A test cell was designed
to investigate the applicability of the principle of electrodeless dielectrophoresis
for the separation of single-walled carbon nanotubes. In particular, the effect of
DC electric fields or hydrostatic pressure as driving force was determined. One
compartments of the cell was filled with carbon nanotubes in surfactant solution
and the other was filled with plain surfactant solution. By an in situ measurement
of the absorbance spectrum the translocation of nanotubes through the membrane
could be detected. It was demonstrated (by measuring the electrophoretic mobil-
ity) that surfactant-stabilized carbon nanotubes move in the direction opposite to
the applied DC field, i. e. their electrophoretic mobility and their surface charge is
negative. To generate a driving force based on electrophoresis towards the mem-
brane, an electric field pointing from the compartment containing pure surfactant
into the nanotube’s compartment was applied. It turned out that electroosmosis
inside the nanopores leads to a prevailing liquid motion in the direction oppo-
site to the anticipated nanotube movement. Within the experimentally accessible
ranges, the application of a hydrostatic pressure led to an efficient translocation of
metallic and semiconducting carbon nanotubes through the nanopores irrespec-
tive of the applied AC voltage. Experiments in which the driving force was merely
due to diffusion revealed a preferential transport of small diameter nanotubes and
electronic type selectivity. Both effects were reproduced in the absence of an AC
field and are therefore not entirely due to dielectrophoresis. The diameter selectiv-
ity seems to be an intrinsic feature of a diffusion driven transport of single-walled
carbon nanotubes through nanopores. The reason for the weakly preferred translo-
cation of metallic needs to be further explored. According to these results, after
an optimization of the process parameters, electrodeless dielectrophoresis might
be suited for an upscaling of the separation of surfactant stabilized single-walled
carbon nanotubes. It remains to be investigated whether the use of single-walled
carbon nanotubes dispersed in non-ionic solvents will facilitate this approach.



A. Characterization of the
nanotube suspensions

Representative for the nanotube suspensions used in this work, the characteriza-
tion of a few samples is presented in the following.
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Figure A.1: Characterization of Suspension #24.2 and 24.4 (NiCo SWNTs in D>O with
1weight %): (a) Absorbance spectrum of Fraction 2 and 4, (b) AFM image of nanotubes (Frac-
tion 2) spin coated onto silicon, (¢ & d) length and height distribution. The mean length and
height of Fraction 2 were determined to (855 290) nm and (0.9 & 0.3) nm.

Suspension 24 are NiCo nanotubes dispersed in D,O with 1weight % NaCh
as surfactant. The surfactant stabilized SWNTs were subject to size-exclusion
chromotography. Fractions 2 and 4 were used in the experiments. The mean
length and height of the nanotubes in Fraction 2 is (855 4+ 290) nm and (0.9 +
0.3) nm and the concentration of the suspensions is Cgraction 2 ~ 110 pug/ml and
CFraction 4 = 170 pg/ml. Figure A.1 shows the absorbance spectra of both fractions
and the AFM image, length and height distribution of Suspension #24.2.

103



104 Appendix A: Characterization of the nanotube suspensions

(a) (b)

2]
iy
(83
| oo
3
=]
ol
£ 1]

500 1000 1500
Wavelength [nm]

(c)

12 {d) 40

Fraktion 3
Fraktion 3 (1.3 £03)nm
(1100 4 3800 nm 30_

8
= ]
8

. L

0 1000 2000 3000 4000
Length [nm] Height [nm]

Figure A.2: Characterization of Suspension #26.3 (NiCo SWNTs in DO with 1weight %
TrisCh): (a) Absorbance spectrum, (b) AFM image of nanotubes spin coated onto silicon, (¢ & d)
length and height distribution. The mean length and height were determined to (11004 380) nm
and (1.3 £0.3) nm.

Suspension 26 are NiCo nanotubes dispersed in D;O with 1weight % TrisCh
as surfactant. After size-exclusion chromotography Fraction 3 was used in the
experiment. The fraction contains long individual SWNTs with a mean length and
height of (1100+380) nm and (1.340.3) nm and a concentration of ¢ ~ 70 ug/ml.
Figure A.2 shows the absorbance spectra, AFM image and length and height
distribution of Suspension #26.3.
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Figure A.3: Characterization of Suspension #6 (NiCo SWNTs in DO with 1 weight % NaCh
and Todixanol): (a) Absorbance spectrum, (b) AFM image of nanotubes spin coated onto silicon,

(¢ & d) length and height distribution. The mean length and height were determined to (270 +
105) nm and (1.2 + 0.25) nm.

Suspension #6 are NiCo nanotubes dispersed in D,O with 1 weight % NaCh and
Todixanol. The suspension was prepared with density gradient centrifugation. It
has a very high concentration (¢ ~ 1040 pug/ml) of short individual nanotubes with
a mean length of (2704 105) nm and a mean height of (1.2+£0.25) nm. Figure A.3

shows the absorbance spectra, AFM image and length and height distribution of
Suspension #6.
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B. Additional information on
films of single-walled carbon

nanotubes

Morphology

SEM images of the samples 024B, 025A, 029B and 051 A, whose impedance spectra
were discussed in Section 3.1, are presented in the following.

Figure B.1: SEM images of samples 024B (a) and 025A (b). Both samples were prepared from
suspension # 26.3 (TrisCh) using the standard deposition parameters V,,, = 40V, ¢t = 10 min,
ton = 10ms, 7 = 80ms and f = 10 MHz. Scale bar is 200 nm in both pictures.
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Figure B.2: SEM image of sample 029B. The sample was prepared using standard deposi-
tion parameters (see above) from suspension # 26.3 after additional centrifugation to remove
agglomerated surfactant particles.

Figure B.3: SEM image of sample 051A. The sample was prepared from suspension # 26.3
(after additional centrifugation) with V,, = 40V, f = 300kHz, tox = 0.5ms and 7 = 4ms.
After only t ~ 55, the deposition was stopped due to severe heat dissipation.
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Polarization dependent absorption and Raman spectra

The polarization dependent absorption measurements were repeated for samples
prepared with SWNTs diluted in D20 with 1 weight % SDBS. Figures B.4 — B.7
show the spectra of length separated or centrifuged nanotubes, deposited with
frequencies f = 10-80 MHz and voltages V,,, = 40-80 V.
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Figure B.4: Polarization dependent absorption spectra of length separated SWNTs in 1 weight
% SDBS, deposited with f = 10 MHz and V,,, = 40 V. The raw data was smoothed and a linear
background was subtracted. Metallic and small diameter semiconducting nanotubes are well
aligned parallel to the electric field, while semiconducting nanotubes are randomly orientated.
Taken from Ref. [84].
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Figure B.5: Polarization dependent absorption spectra of length separated SWNTs in 1 weight
% SDBS, deposited with f = 80 MHz and V,,, = 40 V. The raw data was smoothed and offset for
better comparison. As reported earlier, the amount of deposited nanotubes reduces significantly
high frequencies, resulting in a very low signal intensity and a relatively big measurement error.
Taken from Ref. [84].
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Figure B.6: Polarization dependent absorption spectra of length separated SWNTs in 1 weight
% SDBS, deposited with f = 80 MHz and V,,, = 80 V. The raw data was smoothed and offset
for better comparison. Taken from Ref. [84].
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Figure B.7: Polarization dependent absorption spectra of centrifuged SWNTs in 1 weight %
SDBS, deposited with f = 80MHz and V,,, = 80V. The raw data was smoothed and offset for
better comparison. Taken from Ref. [84].

Additionally, Raman spectroscopy was done with a Dilor XY triple monochroma-
tor and an Ar-Kr laser for excitation. The spectra were recorded for two excitation
laser lines, 514.5nm and 647.1 nm. To study the polarization dependence, a \/2-
plate was used to rotate the polarization of the incident light with respect to the
fixed orientation of the sample. The measurements were repeated for different
spots on the sample.

A comparison of the Raman spectra measured between the electrodes for the two
laser energies shows that the degree of alignment is much higher in the case of
metallic nanotubes than for semiconducting nanotubes (Figures B.9 and B.8). The
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axis of preferential orientation is parallel to the electric field during deposition.
The spectra measured above the electrodes show equal intensity for parallel and
perpendicular polarization.
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Figure B.8: Raman spectra measured with the 647.1 nm excitation line between the electrodes.
At this wavelength primarily metallic SWNTs are excited. The intensity of the broad G mode
(right plot) and the radial breathing mode (left plot) both decrease significantly, as the polariza-
tion of the incident light is changed from parallel to the electric field (black curves) to orthogonal
to the electric field (red curves). This data is in agreement with the absorption measurements
and shows that metallic SWNTs are well aligned in the samples. Taken from Ref. [84].
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Figure B.9: Raman spectra measured with the 514.5 nm excitation line between the electrodes.
With this wavelength primarily semiconducting SWNTs with a diameter of ~ 1.2 nm are excited,
which in the absorption spectrum in Figure 3.8 contribute to the absorbance around 880 nm.
These semiconducting SWNTs show a weak alignment, which also manifests here in the polar-
ization dependence of the intensities of the sharp Gt mode (right plot) and the radial breathing
mode (left plot). However, the decrease in intensity is far less pronounced than in Figure B.8.
Taken from Ref. [84].
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C. The effective dipole moment
in a global coordinate system

Equation (3.3) states the expression of the effective dipole moment of an ellipsoidal
particle in a global coordinate system. This expression will be derived in the
following.

As shown in Section 2.2.1, the effective dipole moment of an ellipsoidal particle
in the particle’s coordinate system is given by

C(‘ | 0 0 E071
ﬁeff,particle - 0 ) 0 E0,2 (C].)
0 0 | E()’g

with Qi — ma C€Z§R P !
3 g5 + (5 —e0) Ly

To transfer this into a global coordinate system a coordinate transformation of
the form

ﬁeﬁ,global = RT ﬁeff,particle R (CQ)

with rotation matrix R is necessary. With Equation (C.1) it follows

Qgy  Qgy Oy Q) 0 0
Que Qyy . | =R 0 aL 0 |R (C.3)
Oy Oy gy 0 0 of

Assuming an ellipsoidal particle (¢ >> b = ¢) with arbitrary orientation with
respect to the fixed reference frame (x,y, z-coordinates), the particle’s coordinate
system with axes 1,2, 3 is chosen such that the 1-axis is parallel to the long axis
of the rod-like particle. Without loss of generality, the origin of both coordinate
systems are assumed to coincide as depicted in Figure 3.9. Let ¢ denote the angle
between the global z-axis and the projection of the 1-axis onto the z-y-plane and
f be the angle between the z-axis and the 1-axis. This choice then corresponds to
the common spherical coordinate system with 0 < ¢ < 27 as azimuthal angle and
0 < 0 < 7 as polar angle. The rotational matrix transforming from the cartesian
to the spherical coordinate system is defined as
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cospsinf sinpsinf  cosd
R= 1 cospcosf sinpcosf —sinfd |. (C4)
—sinp cos 0

With the definition of s, = siny, ¢, = cosp, sy = sinb, ¢y = cosf and A, =
o) — a, it follows
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Qug gy Qg
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CySp CuCo —Sg o 0 0 CyS9 SpSp  Co
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coe6 —sp O 0 0 oy —S,  Cp 0
CpSp  CpChp  —Sy OzHC(pSg OéHSLpSQ O{HCQ
= | sgS0 SeCo  Cp | aicyCe ars,ce —asg
cge6 —sp O —Q18, (Cy 0
2 2 2 2
s+ C¢(a|| N cgAy) , Aazssoc@sg ) AnCyChSg
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The effective dipole moment in the global coordinate system is then given by

Qg Ay Oz EO T
Deft global = Oyg Oy Qg : EO,y . (C5)
(& azy Oz EO z



D. Additional information on the
field-dependent absorption
spectra

Irreversible changes of the field-dependent absorption spectra

In the experiments described in Chapter 5 the full relaxation of the system after
turning off the AC voltage was required. Figure D.1 shows an example case
in which the application of a high voltage caused an irreversible change in the
absorbance which led to the abortion of this particular experiment.
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Figure D.1: Absorbance spectra of dispersed nanotubes after application of an AC voltage V,
with a frequency f = 70 MHz for ¢ = 1 min (a) and after a relaxation with V,,, = 0 for ¢ = 1 min
(b). The application of V,,, = 250V causes a strong downshift of the absorbance; however, the
system relaxes into the original state when the voltage is switched off. Further increase of the
voltage to V,, = 300V results in an even more pronounced downshift and a smearing of the M1
and S2 bands. As these are irreversible changes, the experiment was aborted thereafter.

Derivation of the relation between the relative absorbance and the
applied voltage as given by Equation (5.2)

In the discussion of the polarization dependent absorption spectra (see Section
3.2), the alignment of carbon nanotubes deposited on a sample surface was ana-
lyzed. In this case it was sufficient to restrict the angles which characterize the
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orientation of the nanotube and the electric field to the surface plane, in which
also the orientation of the analyzer is defined. In the case of the alignment of
dispersed nanotubes, this is not possible.

The orientation of a nanotube in the global coordinate system is described by its
azimuthal angle ¢ and polar angle 6:

cos psin ¢
TonT = | singsing |, (D.1)
cos 6

as illustrated in Figure 3.9. The vector of the electric field, 7k, and the incident
light, ignt, are given by

0 cos ¢’
=1 0 and  Tligne = [ sing’ | . (D.2)
1 0

with 0 < ¢’ < 27. Note, that these are unit vectors.

Let 8 denote the angle between the carbon nanotube and the incident light;
then determines the absorbance. It can be calculated from the scalar product of
rent and ﬁight as

cos 3 = TeNT - ﬁight
= (cos ¢’ cos ¢ + sin ¢ sin ) sin 6
= cos (¢ — ) sinb. (D.3)

Using Equations (3.7) and (3.10), the absorbance Abs(V,,,) is given by
s 2m 2m
Abs(V,p) = / sin d&/ dgp’/ do Aof (0,Up) cos® B
0 0 0
2 27 T
= Ao/ dgo/ dy’ cos? (¢ — gp)/ do f (9, U,) sin® 6. (D.4)
0 0

0

Here, Aj is a constant which will be specified later. Integration over ¢ and ¢’
yields a factor 272. To calculate the integral over 6, the exp-function in f (0, Up)
is expanded in a Taylor series, of which only the first and second terms are used.
Then

foﬂ do [sin?’ 0+ % cos? @ sin® 9]

Abs(V,p) = 21% Ay

fow do [1+ Ig—OTlcosz 91}
[Uo] 1
_8 oy LTS

[Uol 1°
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In the case of zero applied voltage, the exp-function reduces to 1 and it follows

Tdfsin®0 8
Ab OV:QQAIO—:—A. D.6
S( ) ™ 0 foﬂ'de 37T 0 ( )

Hereby, Ag is determined. The relative absorbance can now be calculated as

U
Abs(Vyp) 1+ iLB_OIL%

- , D.7)
|Uo] (
Abs(OV) ~ 1+ oot
Comparison with Equation (5.2) shows, that
Uy| 1 1 1
— - — S D.8
R A TE NP2 (=) 7 (D)

where d corresponds to the distance between the electrodes.

Results of the fit

In the following the plots of Figure 5.3 are presented individually and together
with their fits (dotted lines) according to Equation (5.2).
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Figure D.2: Evolution of the relative absorbance with applied voltage for f = 50 MHz.
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Figure D.3: Evolution of the relative absorbance with applied voltage for f = 60 MHz.
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Figure D.4: Evolution of the relative absorbance with applied voltage for f = 70 MHz.



119

1.00

0.98

0.96

absorbance

0.94

0.92

\

v

80 MHz 80 MHz
- —v— Abs(650) —v— Abs(950)
1 1 1 1 " 1 " 1
0 100 200 0 100 200
vV, V] Vv, V]

Figure D.5: Evolution of the relative absorbance with applied voltage for f = 80 MHz.
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E. Electrophoretic mobility of
SWNTs

As stated in the introductory part of Chapter 6, a dielectrophoretic separation
of metallic and semiconducting nanotubes in an electrodeless dielectrophoresis
setup is expected to succeed only if the dielectrophoretic and the driving force
are superimposed and adjusted precisely. When using an electrophoretic force,
the polarity of the DC voltage has to be chosen such that the electrophoresis
produces a nanotube movement from the CNT side into the soap side. In the
following, the electrophoretic mobility of single-walled carbon nanotubes and its
dependency on the solution parameters (surfactant type and concentration and
nanotube concentration) is examined.

The electrophoretic mobility of single-walled carbon nanotubes was measured
using Phase Analysis Light Scattering (PALS) with a Brookhaven ZetaPALS.
The method is based on the detection of light scattered by particles which move
under an applied electric field. A detailed description of this measurement method
is given in Reference [121].
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Figure E.1: Electrophoretic mobility of SWNTs dispersed in DoO and SDBS. In (a) the starting
solution is gradually diluted with D50, i.e. the SDBS content as well as the nanotube concen-
tration decreases, and in (b) the nanotube concentration changes due to the addition of pure
SDBS solution (1 weight %). In both experiments the electrophoretic mobility does not depend
significantly on the presence (or the concentration) of nanotubes in the suspension, but varies
strongly with the SDBS content.
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Figure E.1 shows the results of measurements on short single-walled carbon nano-
tubes dispersed in D,O with 1 weight % SBDS. In Figure E.1(a) the starting sus-
pensions was gradually diluted by the addition of DO (full green curve), i. e. both
the SDBS content and the nanotube concentration decrease successively. The com-
parison with the measurements on pure DO (black curve, revealing a systematic
offset) as well as D,O with the according concentration of SDBS (dashed green
curve) show no significant change between the mobility with nanotubes compared
to the case of pure SDBS. Irrespective of the presence of nanotubes in the suspen-
sion, the mobility clearly depends on the SDBS content and features a maximum
at 0.1 weight %. These observations can be explained by the fact that SDBS ef-
ficiently builds micelles above the critical micelle concentration (CMC), which is
~ 0.1 weight%. These large micelles with an aggregation number—mean number
of molecules in the micelle—of 61 [122] dominate the measurement.

In Figure E.1(b), the starting suspensions is diluted by adding DO with
1 weight % SDBS (full orange curve). As expected according to the above dis-
cussion, the mobility does not depend significantly on the nanotube concentration
and is comparable to the results obtained for pure SDBS suspension (dashed or-
ange curve).
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Figure E.2: Electrophoretic mobility of SWNTs dispersed in DoO and NaCh. A comparison
between the mobility measured for pure NaCh and for nanotubes dispersed in NaCh solution
shows a significant increase in the latter case. According to the data presented in (a), the
mobility also increases with the NaCh concentration, but shows only a weak dependence on the
nanotube concentration (b). The higher viscosity of the Iodixanol sample leads to a suppression
of the electrophoretic mobility.

In Figure E.2 the results of an equivalent study on short single-walled carbon
nanotubes dispersed in DyO with 1weight % NaCh are displayed. A compari-
son between the pure NaCh solution (dashed blue curve in Figure E.2(a)) and
the starting suspension (full blue curve), both gradually diluted with D20, shows
a distinct increase of the measured electrophoretic mobility in the presence of
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nanotubes. Additionally, the data for pure NaCh solution reveal a dependence on
the stage of dilution. These observations can again be explained by the proper-
ties of the surfactant micelles. Unlike in the case of SDBS, NaCh does not form
large micelles in the absence of nanotubes; the aggregation number of 2-3 [123]
indicates very small micelles in pure NaCh solution. For small NaCh concentra-
tion (< 0.1 weight %), the measured mobility is close to that of pure DO (black
curve); for large concentration, an increased mobility is detected, but the error is
relatively large, indicating a low signal. In the presence of carbon nanotubes, the
size of the micelles changes significantly and the micelles surrounding the nano-
tubes dominate the measurement. The mobility which is measured under these
conditions truly represents the mobility of the nanotube-micelle compound.

Under variation of the SWNT concentration in Figure E.2(b), a similar increase is
observed when comparing the mobility with and without nanotubes in suspension
(full and dashed light-green curves, respectively). The data also shows a certain
dependence on the nanotube concentration, but the variation is within the error
range and therefore not significant, consistent with the expectations. An addi-
tional measurement on nanotubes dispersed in D,O with NaCh and Iodixanol—
such suspensions are used for the density gradient centrifugation—reveals a severe
suppression of the electrophoretic mobility, probably due to the increased viscos-
ity of the suspension. In this case the change of the mobility due to the presence
of nanotubes (full versus dotted red curve) is smaller than the accuracy of the
measurement

The most important conclusion from these measurements is the negative surface
charge of single-walled carbon nanotubes surrounded by NaCh micelles. Under
electrophoresis the nanotube/micelle structures will consequently move in the di-
rection opposite to the external field. The different trends observed in the case
of SDBS and NaCh, namely the negligible change in the electrophoretic mobility
in the presence of SWNTs as compared to pure SDBS solution and the enhance-
ment of the mobility due to the presence of nanotubes in NaCh, are based upon
the different sizes of the surfactant molecules and differences in the process of
micelle-formation with or without nanotube for the two surfactant types. The
increased viscosity in the presence of Iodixanol suppresses the mobility of the
nanotube/micelle compound to a large extent.
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