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Abstract / Kurzfassung

The presented work deals with the integration and characterization of nanostructures,
such as Desoxiribonucleoic acid (DNA), gold nanoparticle (AuNP) or semiconducting
nanowire (NW) for sensory applications. Here, the technique called dielectrophoresis
(DEP) is used to position and apply contact to bottom-up nanostructures, in order to
subsequently use them as key elements for chemo resistive and optoelectronic sensing.
In this context the optical properties of silicon (SiNW) and gallium arsenide nanowires
(GaAsNW) were also investigated, along with the ability for the chemical and biologi-
cal modification of similar NW. Overall the work should contribute to pave the way for

the application of those nanostructures in chemical and biological sensing.

Die dargelegte Arbeit beschiftigt sich mit der Integration und Charakterisierung von
Nanostrukturen z.B. Desoxyribonukleinsdure (DNA), Goldnanopartikeln (AuNP) oder
Halbleiternanodridhten (NW) fiir sensorische Anwendungen. Dabei wird die Technik der
Dielektrophorese (DEP) eingesetzt, um Nanostrukturen submikrometergenau zu positi-
onieren, elektrisch zu kontaktieren und diese anschlieBend als Sensorelemente fiir opto-
elektronische oder chemoresistive Analytik einzusetzen. In diesem Kontext beschéftigt
sich die vorliegende Arbeit auch mit den optischen Eigenschaften von Silizium- (SINW)
und Galliumarsenid-Nanodrihten (GaAsNW), und der chemischen Modifikation ver-
gleichbarer NW. Insgesamt soll ein Beitrag geleistet werden den Weg fiir die zukiinftige
Anwendung dieser Nanostrukturen in der chemischen und biochemischen Sensorik zu

ebenen.
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Preface / Vorwort

“There is a plenty of room at the bottom” was the topic of a lecture given by the famous
Nobel Prize winner Richard Feynman in 1959 at the Californian Institute of Technolo-
gy. In this talk he described the opportunities and challenges when working “on a small
scale” today known as nanotechnology. He proposed that having control on a small
scale meant faster computers and more efficient machines while also considering the
challenges which have to be faced there. Nevertheless, in his talk he did not consider the
new unique physical (e.g. optical and electrical) properties of the materials generated in
this size, which are also leading to new opportunities and challenges in this field. This
work will deal with some of the challenges Feynman mentioned especially in relation to
handling and connecting nanoobjects to our macroscopic world, with the goal to use
their unique optical or electrical properties to find new ways to more sensitive and cost
efficient sensing. One focus hereby will be on a dielectrophoresis based integration
technique for manipulation of nano- and microsized objects in an alternating electrical
field. This technique not only allows the arrangement of nano objects with submicron
precision but also to apply contact to them for electrical or optoelectronical characteri-
zation. The final goal is to show that it is possible to fabricate a sensor device which
uses a nanostructure as key element for a basic sensing principle. The focus lies hereby
in using the unique properties of those objects conditioned by their quantum confine-

ment and work out new sensing principles for future sensing devices.

“There is a plenty of room at the bottom” ist das Thema eines Vortrages des bekannten
Nobelpreistrigers Richard Feynman. In diesem Vortrag im Jahr 1959 am Californian
Institute of Technology adressierte er die Chancen und Herausforderungen der Techno-
logie im Nanometerbreich (,,on a small scale®). In seinem Vortrag prognostiziert er,
dass mit den Erkenntnissen und der Kontrolle iiber Prozesse in dieser Grofenskala der
Weg fiir effizientere Maschinen und schnellere Computer geebnet wird. Genauso sprach
er aber auch iiber neue Hiirden, die beim Arbeiten in diesem Grofenbereich iiberwun-
den werden miissen. Dennoch gab es auch Dinge die Feynman in seinem Vortrag noch
nicht beriicksichtigte, wie zum Beispiel die sich ergebenden, neuen Materialeigenschat-
ten im Bereich der Elektronik und Optik.

Die vorliegende Arbeit beschiftigt sich mit einigen der o. g. Herausforderungen, beson-
ders im Zusammenhang mit der Manipulation und Integration von Nanoobjekten, mit
dem Ziel, ihre einzigartigen optischen und elektronischen Eigenschaften praktisch nutz-
bar zu machen und dabei Grundlagen fiir neue Wege zur Entwicklung sensitiverer und

kosteneffizienterer Sensorik zu schaffen. Ein besonderer Fokus wird dabei auf die Die-
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lektrophorese (DEP) basierende Integration gelegt, welche es ermoglicht, Objekte im
Mikro- und Nanometerbereich mit Hilfe eines elektrischen Wechselfeldes zu manipulie-
ren. Mit Hilfe dieser Technik gelang nicht nur die Positionierung von Objekten mit
Submikrometergenauigkeit, sondern auch ihre elektrische Kontaktierung. Das letztend-
liche Ziel besteht darin zu zeigen, dass mit dieser Technik gezielt Sensoren hergestellt
werden konnen, welche eine Nanostruktur als zentrales Element besitzen. Damit soll ein
Beitrag zur Nutzung der einzigartigen Eigenschaften von Nanoobjekten, fiir die Ent-
wicklung neuer sensorischer Prinzipien und damit zukiinftiger noch leistungsfihigerer

chemischer und biochemischer Sensoren geleistet werden.



1 Overview / Ubersicht 6

1  Overview / Ubersicht

This work deals with utilization of bottom-up nanostructures in the field of optical basic
research, optoelectronic and chemoresistiv sensing and their microintegration using AC
electrical fields. It will focus on three types of nanostructured materials in particular:
DNA/DNA-superstructures, gold nanoparticle and semiconducting nanowire e.g. sili-

con, gallium arsenide, zinc oxide.

The basic research part deals with optical properties of silicon and gallium arsenide
nanowires. Based on the Mie solution to Maxwell’s Equation for infinite long cylinders
the scattering and absorption properties of these nanostructures were calculated in re-
spect to their diameter, angle of incident and polarization of the illuminating light. The
results were correlated to spectral measurements of single nanowires in respect to their
diameter and polarization of the illuminated light. Based on the results a procedure was
proposed for determining nanowire diameters by optical measurements using a spectral

fitting method.

The applied part of the research deals with the micro integration of DNA, AuNP and
SiNW using an AC electrical field (dielectrophoresis). The focus of DNA micro integra-
tion lies hereby in determining conditions allowing the handling of single DNA mole-
cules on a microelectrode substrate in a stretched conformation, which enables subse-
quent investigation and experimenting on single DNA molecules in an organized and

ordered fashion.

The micro integration based on dielectrophoresis of AuNP and SINW focuses on apply-
ing contact to these nanostructures in order to use them as optoelectronic or chemo re-
sistive sensors. In order to achieve this, a micro integration process was developed to
apply contact to SINW and AuNP as basis for their sensory application. The contacted
nanostructures were characterized electrically to optimize the integration procedure to
acquire best possible sensing capabilities. Silicon nanowires were demonstrated to work

as wavelength sensitive optical sensors and gold nanoparticle as chemo resistive sensor.

Furthermore, a DNA modification technique for SINW and ZnONW was developed
providing the basis for future DNA sensors with electrical read-out. The modified NW
have been proven to work for the detection of selective DNA hybridization via fluores-
cence, similar to the classical microarray approach. Overall the work should contribute
to pave the way for the application of those nanostructures in chemical and biological

sensing.
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Diese Arbeit beschiftigt sich mit der Nutzung von bottom-up Nanostrukturen in den
Bereichen der optischen Grundlagenforschung, sowie der optoelektronischen und der
chemoresistiven Sensorik. Einen Schwerpunkt bildet dabei die Mikrointegration dieser
Nanostrukturen mittels Dielektrophorese. Die Forschungen konzentrieren sich auf drei
verschieden Typen von Nanostrukturen: DNA / DNA-Uberstrukturen, Goldnanopartikel

und halbleitenden Nanodrihte aus Silizium, Galliumarsenid sowie Zinkoxid.

Im Bereich der optischen Grundlagenforschung konzentrieren sich die Untersuchungen
auf die Charakterisierung der optischen Eigenschaften einzelner SINW und GaAsNW.
Basierend auf der Losung der Maxwell-Gleichungen nach Mie fiir unendlich lange Zy-
linder lassen sich die Streu- und Absorptionseigenschaften dieser Nanostrukturen in
Abhingigkeit von Durchmesser und Einfallswinkel / Polarisation des eingestrahlten
Lichts berechnen. Die Verifizierung der Ergebnisse erfolgte durch die Korrelation mit
spektralen Messungen an einzelnen NW in Abhiéngigkeit des Durchmessers und der
Polarisation. Basierend auf diesen Ergebnissen wird eine Methode vorgeschlagen, wel-
che es ermoglicht, durch einen spektralen Fit den Durchmesser von NW anhand von

optischen Messungen zu bestimmen.

Der anwandte Teil der Arbeit beschiftigt sich mit der Mikrointegration von DNA,
AuNP und SiNW mittels elektrischem Wechselfeld (Dielektrophorese). Der Fokus der
DNA-Mikrointegration liegt hierbei in der Bestimmung der Parameter, welche die Ma-
nipulation von DNA-Einzelmolekiilen auf einem Mikroelektrodensubstrat in einer ge-
streckten Konformation ermoglichen. Einen weiteren wesentlichen Schwerpunkt der
Untersuchungen bildete die Entwicklung eines Mikrointegrationsverfahrens zur Kontak-
tierung von AuNP und SiINW, als Voraussetzung fiir einen Einsatz als optoelektronische
oder chemoresistive Sensoren. Die kontaktierten Nanostrukturen wurden elektrisch cha-
rakterisiert und der Integrationsprozess optimiert um damit die bestmogliche Sensorleis-
tung zu erreichen. Es gelang experimentell nachzuweisen, dass einzelne SINW als wel-
lenldngenabhiéngige optoelektronische und AuNP als chemoresistive Sensoren genutzt

werden konnen.

Des Weiteren wurde ein DNA-Modifikationverfahren fiir SINW und ZnONW entwi-
ckelt, welches die Basis fiir eine elektrisch auslesbare DNA-Sensorik darstellt. Die mo-
difizierten NW erwiesen sich als geeignete Plattform fiir die Detektion selektiver DNA-
Hybridisierung mittels Fluoreszenz, vergleichbar zu klassischen Ansitzen in der etab-
lierten Mikroarraytechnologie. Hiermit konnte ein erster Schritt fiir die zukiinftige An-

wendung von halbleitenden NW in der Biosensorik getan werden.
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2 Motivation

Considering DNA as a chemical polymer rather than carrier of genetic information,
DNA can be a very useful tool in nanotechnology. For example by conjoining single
stranded DNA with nanostructures (e.g. AuNP, carbon nanotubes (CNT), NW and
quantum dots) they can be directed to specific locations which are labelled with the
complementary DNA using the DNA’s native self-assembly process called “DNA-
hybridization”. In contrast to most chemical polymers, coding DNA does not consist of
repetitive monomers. Due to the coding background, its sequence is highly individual
which enables addressing specific loci, if they are marked by DNA accordingly. So due
to DNA-DNA interactions, positioning of DNA-conjoint nanostructures can be done
with nanometer precision just by self-assembly processes. Through modern molecular
biological methods DNA can be synthesized, sequenced or chemically modified easily,
therefore large quantities of DNA with all possible sequences are available at low cost,
which not only allows developing DNA based systems on an experimental laboratory
scale but also utilize developed DNA technology on an industrial scale. DNA can be
used as a nano breadboard to align DNA-conjoint nano objects in a two or three dimen-
sional manner, for example”. This not only gives the opportunity to study interaction
of specific single nano objects in close vicinity to each other, but allows gaining control
over chemical or physical interaction on a molecular level and enables the fabrication of
new sensing principles or even nano sized machines’. But also micron DNA-
superstructures or nanostructure systems have to be aligned with at least micro-
precision in order to handle them easily in our macroscopic world. Therefore one part of
this work deals with the alignment of DNA using strong AC electrical fields (DEP) on
microelectrode substrates. It will be shown that single DNA molecules can be aligned
fully stretched between two microelectrodes. This makes the electrode substrates work
as a “work bench” to study single molecule interaction on a DNA molecule in a specific

location, which can be easily found and tracked in an experimental process.

Hence this technique is not limited to charged objects like DNA, also other micro/nano
sized objects can be manipulated. Especially the fact that the objects are aligned directly
in a microelectrode gap having contact to both electrodes, the technique allows subse-
quent electrical or optoelectronic characterization of single nano objects. So another part
focuses on the optical and electrical characterization of single SINW and GaAsNW.
Furthermore, the integration and characterization of AuNP using DEP will be addressed

to develop a chemoresistive sensor.
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Betrachtet man DNA als chemisches Polymer und nicht als Tréiger von genetischen In-
formationen, kann sie ein sehr niitzliches Werkzeug fiir die Nanotechnologie darstellen.
Beispielsweise kann einzelstringige DNA in Verbindung mit Nanostrukturen wie
AuNP, NW, Kohlenstoffnanorohren (CNT) und Quantenpunkten (QD) genutzt werden,
um diese zu spezifischen Positionen zu fithren, welche vorher mit der komplementéren
DNA markiert wurden. Hierbei wird der native Selbstassemblierungsprozess (Hybridi-
sierung) der DNA genutzt. Im Vergleich zu den meisten chemischen Polymeren besteht
codierende DNA nicht aus repetetiven Monomeren. Infolge der Codierungsfunktion der
DNA ist die Sequenz der Monomere hoch individuell. Damit ist es moglich auch spezi-
fische Positionen zu adressieren, wenn diese mit der entsprechenden DNA modifiziert
wurden. Auf diese Weise konnen durch DNA-DNA-Wechselwirkungen Nanostrukturen

mit Nanometerprizision durch Selbstassemblierungsprozesse positioniert werden.

Durch moderne molekularbiologische Methoden kann DNA einfach synthetisiert, se-
quenziert oder auch chemisch modifiziert werden. Daher steht DNA in gro3en Mengen
mit allen moglichen Sequenzen und geringem Kostenaufwand zur Verfiigung. Dies er-
moglicht die Entwicklung von DNA basierenden Systemen nicht nur im Labormafstab,
sondern auch fiir industrielle Anwendungen. Basierend auf diesen Gegebenheiten und
ihrer enormen Flexibilitdt kann DNA als Nanobaukasten dienen, um DNA modifizierte
Nanostrukturen in zwei und drei Dimensionen anzuordnen '~’. Das bietet nicht nur die
Gelegenheit, Interaktionen von einzelnen Nanoobjekten miteinander zu untersuchen,
sondern es ermoglicht auch die Kontrolle iiber chemische und physikalische Interaktio-
nen auf Einzelmolekiilebene zu erlangen. Ebenso ist es moglich neue sensorische Prin-
zipien zu etablieren oder gar nanometergrole Maschinen zu assemblieren. Aber auch
mikrometergroe DNA-Uberstrukturen oder Systeme bestehend aus Nanostrukturen
miissen mit einer Mindestprizision im Mikrometerbereich positioniert und ausgerichtet
werden konnen, damit sie praktisch zu handhaben sind. Daher beschiftigt sich ein Teil
der Arbeit mit der Ausrichtung und Positionierung von DNA auf Mikroelektrodensub-
straten unter Verwendung von starken elektrischen Wechselfeldern. Es soll gezeigt
werden, dass einzelne DNA-Molekiile zwischen zwei Elektroden gestreckt und positio-
niert werden konnen. Hierbei werden die Elektrodensubstrate zu einer ,,Werkbank® um
Interaktionen an einem DNA-Molekiil, an einer spezifischen Position zu untersuchen.
Mittels dieser gezielten Fixierung wird das Untersuchungsobjekt einfach wiederauffind-

bar und wihrend des gesamten experimentellen Prozesses verfolgbar.

Da die DEP nicht auf geladene Molekiile wie DNA begrenzt ist, konnen auch andere
Mikro- und Nanostrukturen mit dieser Methode manipuliert werden. Insbesondere die
direkte Positionierung der Nanoobjekte auf den Mikroelektroden ermoglicht eine an-
schlieBende elektrische oder optoelektronische Charakterisierung von einzelnen Nano-
strukturen. So beschiftigt sich ein weiterer Teil der Arbeit mit der elektrischen und opti-

schen Charakterisierung von einzelnen SiNW und GaAsNW. Des Weiteren werden
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auch AuNP mittels DEP integriert, welche anschlieBend der Entwicklung eines chemo-

resistiven Sensors dienen.
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3 Stand der Technik

Die Charakterisierung und Anwendung von Bottom-up Nanostrukturen wie beispiels-
weise metallische Nanopartikel, QD, leitende oder halbleitende NW oder auch CNT
sind ein vielversprechender Forschungsschwerpunkt seit einigen Jahrzehnten. Man er-
wartet, dass die darauf aufbauende Nanotechnologie die Medizin, Informationstechno-
logie, Luft- und Raumfahrt, Transport und Verkehr sowie Energietechnologie revoluti-

1 Wenn man sich jedoch einen Uberblick iiber industriell gefertigte Produkte

oniert
auf der Basis von bottom-up Nanostrukturen verschafft, fillt auf, dass es sich bei den
meisten Produkten lediglich um Beschichtungen (antiseptisch, hydrophob, e.g.) oder
Nahrungserginzungsmittel (Farbstoffe, Konservierungsmittel, e.g.) handelt, wihrend
moderne Hochtechnologieprodukte nach wie vor durch klassische top-down Technolo-
gien gefertigt werden. Ein entscheidender Grund fiir die mangelnde Einsatzfihigkeit
von bottom-up Nanostrukturen in Hochtechnologieprodukten ist die Schwierigkeit ihrer
Integration in mikro- und makroskopische Umgebung. Die Anordnung und Positionie-
rung sowie Kontaktierung dieser Strukturen sind schwierig und meist nur sehr kosten-
aufwendig zu realisieren, da die meisten Techniken hierfiir nur seriell arbeiten und Pri-
zisionsgerite und -ausriistungen benotigen (z.B. Elektronenstrahllithographie, Extreme-
UV-Lithographie). Eine alternative Technik ohne diese Nachteile ist die DEP. Sie er-
moglicht Nanostrukturen kontaktlos (ohne das Objekt zu beriihren) entlang eines
elektrischen Feldgradienten zu bewegen und zu positionieren. Das elektrische Feld wird
hierbei von zwei oder mehr Elektroden durch eine Wechselspannung (AC) erzeugt. Es
polarisiert Objekte entsprechend seiner Feldstdrke in der unmittelbaren oder entfernten
Umgebung. Da diese Polarisation leicht verzogert zum &dufleren elektrischen Feld er-
folgt, ergibt sich eine Phasenverschiebung zwischen dem inhdrenten Feld des polarisier-
ten Objekts und dem @uleren Feld. Dies fiithrt dazu, dass auf diese Objekte entsprechend
der Phasenverschiebung eine Kraft (Fpgp) wirkt und sie damit eine Bewegung erfahren.
Andert man diese Phasenverschiebung in dem man beispielsweise die Frequenz des
duBeren Feldes erhoht oder erniedrigt, ist es moglich Objekte sowohl auf die Elektroden

zu oder von ihnen weg zu bewegen. Die folgende Gleichung beschreibt diese Kraft:

*
m

& — &y -2
Fpgp = anrzemRe{ ”e m}V|E|
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Die dielektrophoretische Kraft Fpgp wird dabei von der Geometrie des Objektes (Ellip-

-2
soid; r: Linge, Radius), dem elektrischen Feldgradienten V|E| und dem Realteil des

Clausius-Mossotti-Faktors Re {sp:m} bestimmt. Letzterer enthiilt die komplexen Die-

m

lektrizititskonstanten &,,, gp des Mediums und des Partikels.

Die Priézision der Bewegung / Positionierung wird dabei ausschlieBlich von der Form
des elektrischen Feld bestimmt und damit im Wesentlichen durch die Elektrodenform
beeinflusst. Mittels photolithographisch hergestellter Elektrodensubstrate ist es daher
bereits moglich, Nanostrukturen mit Submikrometergenauigkeit zu bewegen und zu

positionieren.

Diese Form der Manipulation von Nanometer und Mikrometer groBen Objekten mittels
Wechselspannung wurde erstmals 1951 von Herbert Pohl anhand von Milchsuspensio-
nen und Hefezellen beschrieben''"*. Von ihm wurde ebenso der Begriff Dielektropho-
rese geprigt, da er zunichst davon ausging, dass diese Form der Manipulation aus-
schlieBlich fiir dielektrische Objekte in Frage kommt. Erst Jahrzehnte spéter wurde die-
se Technik fiir die Manipulation von leitenden (e.g. Au-NP'*'° CNTs'"%), halbleiten-
den (e.g. ZnONW20’21, SiNW?? InAsNW23) und dielektrischen Nanostrukturen (e. g.
DNA?*| Proteine®*® Mikrosphiren®*) wiederentdeckt. Im Allgemeinen gibt es zwei
Anwendungsgebiete fiir die Nutzung der DEP in der Wissenschaft. Zum einen die In-
tegration oder Konzentration von Mikro- und Nanostrukturen, zum anderen die Sortie-
rung der selbigen aufgrund ihrer Permittivitdtsunterschiede. Dabei ist die Sortierung von
Zellen ein populireres Anwendungsgebiet der DEP”. Im Rahmen der Mikrointegration
ist DEP meist eine Technik, um Nano- und Mikrostrukturen auf Elektrodenstrukturen zu
positionieren. Zumeist fehlte es jedoch in der Vergangenheit an Prézision, um Untersu-
chungen an Einzelstrukturen durchfithren zu konnen. Ebenso ist der hohe Kontaktwi-
derstand, der nach dem Einfangen und Ablegen der Strukturen entsteht, ein Problem.
Zur Absenkung des Kontaktwiderstandes wird oft eine zusitzliche Metallabscheidung

. . . 21,30
oder ein ,thermal annealing® eingesetzt

. Die vorliegende Arbeit beschiftigt sich
unter anderem mit der Untersuchung und Losung dieser Probleme, um damit neue We-
ge zu erdffnen, einfach und kostengiinstig Nanostrukturen submikrometergenau zu posi-
tionieren und zu kontaktieren. In den eigenen Arbeiten wird gezeigt, dass es mittels
DEP moglich ist, Nanostrukturen hochprizise zu positionieren, zu kontaktieren und
diese sowohl fiir die Sensorik als auch die Charakterisierung von Nanostrukturen einzu-

setzen [CL3, CL4, CL5].
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Im Bereich der Sensorik ist insbesondere die chemische und biochemische Sensorik von
Interesse. Diese wird nicht mehr nur fiir die Sicherheitstechnik, sondern auch immer
mehr fiir die Prozesssteuerung von chemischen und biologischen Reaktion, bis hin zum
Energiemanagement (z.B. Liiftungsanlagen) eingesetzt. Ein besonders hohes Potential
haben dabei die Chemoresistoren, welche eine leitfihige Sensorschicht besitzen, die
gegeniiber der Anbindung von Analyten spezifisch ist. Hier ist es moglich das Sensor-
signal direkt - in Form einer Widerstandsidnderung - elektrisch auszulesen. Solche Sen-
sorschichten bestehen meist aus leitenden oder halbleitenden Materialen, die entweder
intrinsisch spezifisch fiir bestimmte Molekiile oder Molekiilgruppen sind oder molekiil-
spezifische Rezeptoren enthalten. Im Allgemeinen zeichnen sie sich durch ihre kosten-
giinstige Herstellung und die Mdoglichkeit zur Miniaturisierung aus. Der Einsatz von
Nanostrukturen als leitfdhige Sensorschichten steht hierbei besonders im Fokus der For-
schung, da die Empfindlichkeit durch den Einsatz von Nanostrukturen um ein Vielfa-
ches gesteigert werden kann und damit eine markerfreie Analytik ermdglicht. AuBer-
dem erlaubt die Verwendung von Nanostrukturen eine weitere Miniaturisierung sowie
“multiplexing und somit das Erfassen komplexer Informationen. Aktuelle nanoskalige
Chemoresistoren basieren meist auf CNTs, Graphen, leitenden oder halbleitenden NW
sowie Partikelketten oder Partikelschichten®'. Der chemoresistive Effekt wird hierbei
hauptséchlich fiir die Detektion von Gasen, Losungsmitteln und Biomolekiilen (DNA,

Proteine) eingesetzt.

Im Rahmen dieser Arbeit wurde die Anbindung von DNA-Sonden an SiNW und
ZnONW und deren Hybridisierung mit Ziel-DNA untersucht, welche als Vorarbeit zur
Etablierung eines chemoresistiven DNA-Sensors dienen soll [CL6]. Chemoresistive
Sensoren auf Basis halbleitender NW sind sowohl fiir bottom-up, als auch top-down
Nanostrukturen beschrieben. Im Bereich der Bioanalytik an top-down strukturierten NW
war in den letzten Jahren die Gruppe um G. Zhang besonders erfolgreich. Strukturierte
NW-Arrays werden genutzt, um sowohl DNA als auch Proteine elektrische zu detektie-
ren’>>°. Erst kiirzlich wurde ein integriertes System zur Detektion von Biomarkern vor-
gestellt, welche in Zusammenhang mit Myokardinfarkten gebracht werden™. Ver-
gleichbare Systeme, welche sich ebenfalls mit der markerfreien elektrischen Detektion

341 oder DNA*™ beschiiftigen, zeigen ebenso vielversprechende Er-

von Proteinen
gebnisse. Mindestens genauso populdre Nanostrukturen fiir die markerfreie elektrisch
auslesbare Bioanalytik stellen CNTs dar. Sie zeichnen sich durch ihren noch geringeren

Durchmesser und damit ein noch hoheres Oberflichen/Volumenverhiltnis aus. 2002
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gelang mit Hilfe von Peptid-Nukleinsédure (peptid nucleic acid - PNA)-Sonden erstmals
die Detektion von DNA durch spezifische Hybridisierung an CNTs*. Der Nachweis
wurde jedoch ausschlieflich per Rasterkraftmikroskopie (atomic force microscopy —
AFM) und nicht elektrisch erbracht. Ein Jahr spiter erfolgte der erste elektrische Nach-
weis einer Ligand-Rezeptor-Interaktion anhand von Streptavidin und DNA-

4748 Die Funktionsweise eines solchen

Hybridisierung an CNTs durch Nanomix Inc.
Sensors dhnelt der eines Feldeffekttransistors (FET). Der von zwei Elektroden (source,
drain) kontaktierte halbleitende NW wird hierbei durch die Anbindung von DNA in
seiner Leitfihigkeit durch das inhirente elektrische Feld des Biomolekiils (negativ gela-
den) beeinflusst. Auf diese Weise schalten angebundene Molekiile den Stromfluss zwi-
schen ,,source* und ,,drain‘“ genauso wie eine Gate-Elektrode bei einem FET. Die Diffe-
renz im Stromfluss kann quantitativ als Sensorsignal ausgelesen werden. Zur Aufkli-
rung des FET-Effekts werden vier mogliche Mechanismen diskutiert: electrostatic ga-
ting49751, Schottky—barrier—effekt52754, capacitance modulation® und carrier mobility
chang656’57. Ahnliche Effekte werden auch fiir die chemoresistive Detektion an Goldna-

nopartikelketten postuliertSH0

. Im Vergleich zu NW oder CNT basierenden Sensoren
sind diese jedoch weitaus weniger verbreitet. Zumeist werden die verwendeten Ketten
mittels ,,self-assembly*“-Techniken aufgebaut(’l. Sie bestehen daher aus einem oder mul-
tiplen Partikelschichten (2D und 3D), welche sich durch eine groe Oberfliche fiir die
Anbindung von Analyten auszeichnen. In solchen Systemen wird beispielsweise die
Transition vom Leiter zum Isolator als Detektionssignal eingesetzt, wenn sich der Ab-
stand zwischen den Nanopartikeln Vergr(')'Bert(’Z*65 . Die Veridnderungen im Ladungs-
transport innerhalb dieser beweglichen Nanopartikelketten kann auch optisch durch eine
Rotverschiebung, sowie eine Verbreiterung des Plasmonpeaks detektiert werden®>%+0¢~
% Eine weitere Moglichkeit, den Widerstand in Nanopartikelkonstrukten zu beeinflus-
sen, ist die Verbindung mit einer organischen Matrix, welche dann durch Einbetten des
Analyten eine Verinderung der Dielektrizititskonstanten bewirkt®™”’. Reversible Sen-
soren mit einer hohen Sensitivitdt und schnellen Reaktionszeiten auf Basis von 3D-
Nanopartikelkonstrukten wurden fiir die Detektion von Tetrachlorethylen und Toluol
(Octanethiolmatrix)’', Hydrochinon und Adrenalin (Bis-bipyridinium-cylclophane-
Matrix)’® und H,0, (Mikroperoxydase-11)"’ gezeigt. Aus wenigen perlenschnurartigen
Ketten bestehende Goldnanopartikelketten (1D) sind eher selten das Sensorelement

chemoresistiver Analytik. Ein gut funktionierendes System fiir die chemoresistive De-

tektion auf der Grundlage von 1D-Nanopartikelketten ist die Detektion von H; basie-
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rend auf Pd—Nanopalrtikelkettengo’81

. Hierbei wird die Fihigkeit von Palladium genutzt,
H,-Atome in sein Kristallgitter aufzunehmen. Diese Inkorporation fiihrt zur Bildung
von Pd-Hydrid und damit zur Expansion des Kristallgitters, womit sich die Abstinde
der Pd-Nanopartikel in der Kette verkleinern und damit der Elektronentransport entlang
der Kette verbessert wird. Eine Entfernung des Wasserstoffs vergrofert wiederum die
Abstinde der Nanopartikel, was den Widerstand erhoht. Diese Nanopartikelketten bil-
den damit einen reversiblen elektrochemischen Sensor mit Reaktionszeiten im Millise-
kundenbereich. Analog zu diesem Sensor wurden auch Hybridstrukturen bestehend aus

Pd-Nanopartikel konjugierten NW oder CNT als Sensor publiziert® .

In den eigenen Arbeiten wurden Untersuchungen zur chemoresistiven Detektion an die-
lektrophoretisch integrierten Nanopartikelketten durchgefiihrt, welche die Echtzeitde-
tektion von Thiolen in Fliissigkeit erlauben [CL4]. Ein weiterer Teil der Arbeit beschéf-
tigt sich mit der optischen Charakterisierung von einzelnen NW [CL1, CL2]. Besonders
im Fokus stehen hierbei die Mie-Resonanzen der NW, welche die Absorptions- und
Streueigenschaften im Wesentlichen beeinflussen. Die Mie-Theorie beschreibt die In-
teraktion von Licht in Form einer ebenen Welle mit einem sphérischen oder zylindri-
schen Objekt. Insbesondere fiir Objekte in der GroBenordnung des interagierenden
elektromagnetischen Feldes beschreibt die Mie-Theorie den Einfluss der GroBe des Ob-
jekts auf diese Interaktion besser als der allgemein bekannte Rayleigh-Ansatz. Basie-
rend auf diesem Modell wurde die Absorption und Streuung von einzelnen NW in Ab-
hingigkeit ihres Durchmessers und Materials (Si/ GaAs) sowie des Einfallswinkels und
der Polarisation des eingestrahlten Lichts berechnet. Die Berechnungen wurden experi-
mentell durch spektrale Messungen an einzelnen NW, sowie durch AFM und Raster-
elektronenmikroskopie (REM) verifiziert und dienten als Basis fiir die optische Be-
stimmung von NW-Durchmessern. Die verwendeten NW wurden mittels VLS (vapour-
liquid-solid)-Technik hergestellt*™. Das VLS-Verfahren erméglicht das Kristallisieren
von halbleitenden Materialien aus der Gasphase als Einzelkristalle. Die Kristallisation
erfolgt in nanometergroBen Tropfen aus einem eutektischen Gemisch aus Halbleiter und
Metall (meist Au oder auch Pt, Pd, Cu, Ag oder Ni) welche sich auf der Oberfliche ei-
nes Substrats befinden. Im Zuge der Kristallisation bilden sich aus jedem Tropfen ,,zy-
lindrische* Einkristalle welche an ihrer Spitze eine Kappe aus dem eutektischen Ge-
misch besitzen. Dieses Verfahren wurde erstmals von Wagner und Ellis 1964 fiir Silizi-
um publiziert und wird bis heute fiir die Herstellung von NW aus verschiedensten Halb-

leitermaterialien eingesetzt®. Die optischen Eigenschaften von einzelnen NW wurden
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erstmalig von Wang et al. 2001 untersucht’. Er beschreibt eine Polarisationsanisotropie
der Photoluminiszenz fiir einzelnen NW. Die Messungen erfolgt hierbei fiir transversal
elektrisch (TE) und transversal magnetisch (TM) polarisiertes Licht bei 500 nm an Indi-
umphosphid (InP)-NW mit einem Durchmesser von 10 — 50 nm. 2006 beschrieb Cao et
al. unter Verwendung der Mie-Theorie das Raman-Spektrum von einzelnen NW. Die
NW fiir diese Experimente waren kegelférmig und hatten Durchmesser im Mikrometer-
bereich. Es wurden Raman-Verstirkungen festgestellt, jedoch keine einzelnen Mie-
Resonanzen. Mie-Resonanzen von einzelnen halbleitenden NW wurden besonders in

den letzten Jahren thematisiert” '**

4 100,104 . . . . . .
gersma’ 9397100104 Hierbei waren die optischen Eigenschaften von Si- und GeNW von

, €.g. insbesondere von der Gruppe um Prof. Bron-

Interesse. Bei beiden Materialien handelt es sich um indirekte Halbleiter, daher werden
Mie-Resonanzen fiir Wellenldnger kleiner ~400 nm unterdriickt. Die Absorptionseigen-
schaften von einzelnen Si- und GeNW wurden von der Gruppe um Prof. Brongersma
experimentell bestimmt. Dabei erfolgte die Bestimmung der Absorption indirekt, durch
die Messung der Photoleitfidhigkeit bei verschiedenen Wellenlidngen. Dieses Vorgehen
basiert auf der Annahme, dass sich die Photoleitfdhigkeit proportional zur Absorptions-
effizienz verhilt. Die zugehorigen Spektren wurden mittels Mie-Theorie modelliert. Die

Publikation von Cao et al.”

unterstreicht im Speziellen das Potential von SINW fiir So-
larzellen und untersucht vor allem die optischen Eigenschaften innerhalb des sichtbaren
Lichts. Unter Annahme einer Quanteneffizienz n;= 1 wird ein Kurzschlussstromdichte
in Abhingigkeit vom Lichteinfallswinkel und Durchmesser der NW berechnet. Die Un-
tersuchungsergebnisse von Cao et al.”® bestitigen die gleichzeitig zur Publikation einge-
reichten eigenen Forschungsergebnisse [CL1]. Bei Cao et al. werden die Streuspektren
von einzelnen NW in Abhingigkeit von Polarisation und Beleuchtungswinkel gezeigt
und mit berechneten Streueffizienzen verglichen. Anders als bei den eigenen Untersu-
chungen [CL1], basieren die Experimente jedoch auf lithographisch hergestellten
SiNW. Ebenso wird gezeigt, dass auf Basis dieser lithographischen SiNW farbige Bil-
der im MikrometermaBstab erzeugt werden konnen. AuBlerdem wird der Einfluss von
Metallschichten (Gold) auf die NW diskutiert. Die pridsentierten Spektren zeigen nicht
nur eine Peak-Verschiebung, sondern auch eine Verdnderung des gesamten Spektrums
beziiglich Form und Streuintensitiit. Xu et al.'”® berechnen die optischen Absorptionsei-
genschaften von SiNW unter Beriicksichtigung des Substrates. Der Einfluss des Sub-
strats ist hierbei relativ gering. Zur Verifizierung der Ergebnisse werden ebenso numeri-

sche Methoden verwendet. Diese ermdglichen die Erweiterung der Berechnungen auf
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Matten aus parallel liegenden NW. Auch hier zeigen Photoleitfdhigkeitsmessungen und
berechnete Absorptionen eine gute Ubereinstimmung. Ebenso wurde die gegenseitige
Beeinflussung zweier parallel liegender NW untersucht. Der Abstand beider NW muss
hierbei deutlich kleiner als die Wellenlinge sein, um einen signifikanten Effekt zu erzie-
len. Lopez et al. nutzen sich verjiingende NW zur Charakterisierung des Einflusses der
NW-Form auf die optischen Eigenschaftenl%. Es wird herausgestellt, dass die Farbin-
derungen auf deren Durchmesserinderung beruhen. Das gezeigte Bild dhnelt dem in
Publikation [CL2, Fig. 9] welches die Durchmesserabhingigkeit fiir GaAsNW unter-
sucht. GaAs besitzt eine besondere Bedeutung als technologisch nutzbarer, direkter
Halbleiter (1.42 eV = 870 nm). Die Mie-Streuung sowie die Mie-Resonanzen in halblei-
tenden NW sind im Vergleich zu Silizium kaum untersucht. Eine Veroffentlichung von
Lysov et al. untersucht die Absorptionseffizienz an einem GaAsNW mit axialem p-n
Ubergang, welcher auf einem Substrat kontaktiert wurde’®. Hier wurde mittels Mie-
Theorie die Absorptionseffizienz eines NW mit dem Durchmesser von ~100 nm und
damit die Effizienz dieser Diode als Solarzelle bestimmt. Die elektrische Charakterisie-
rung der Diode erfolgt bei 532 nm und damit nahe ihrer Mie-Resonanz. Montazeri et al.
beschiiftigt sich mit der Polarisationsanisotropie von GaAs- und InPNW'®%., Hierbei
wird ein durchstimmbarer Laser zur Induzierung der Photoluminszenz eingesetzt. Die
Experimente erfolgten in einer Hellfeldkonfiguration, wodurch die Mie-Resonanzen in
den erhalten Spektren nur relativ schwach zu sehen sind. Der Fokus dieser Publikation
liegt jedoch auf der Photomodulation der Bandstruktur durch einen weiteren Pump-
Laser. Die resultierende Anderung im Brechungsindex wird in Abhiingigkeit der Polari-
sation und des NW-Durchmessers untersucht. Das stete Interesse an der Mie-resonanten
Absorption von SINW zeigt sich ebenso in der erst kiirzlich erschienen Publikation von
Solaniki et al.”®. Hier wurden SiNW mittels Photolithographie elektrisch kontaktiert und
anschliefend mit 200 nm SiO, beschichtet. AnschlieBend wurden Elektrodenstrahl-
induzierte Strommessungen (EBIC) zur Abschidtzung der Ladungstrigerdiffusionslinge
und der wellenlingenabhingigen Absorptionseffizienz durchgefiihrt. Die Messungen
erfolgten indirekt iiber die Photoleitfihigkeit analog zu den Veréffentlichungen94’105.
AuBerdem wurde der Durchmesser der NW durch Korrelation der gemessen Absorpti-
onseffizienz mit der berechnete Absorptionseffizienz bestimmt. Die erhaltenen Durch-
messer stimmten mit den rasterelektronenmikroskopischen Messungen der Durchmesser
iiberein. Im Gegensatz zu eigenen Publikation [CL1] wurden hierfiir Absorptionseffizi-

enzen und nicht Streueffizienzen verwendet. Dennoch bekriftigen diese Ergebnisse die
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in Publikation [CL1] aufgestellte These, dass Mie-Resonanzen zur Bestimmung der
Durchmesser verschiedenster NW genutzt werden konnen. Des Weiteren wurde der
Einfluss von Gold-'"" und Silbernanopartikeln'® auf die optischen Eigenschaften von
SiNW untersucht. Es ist bekannt, dass aufgrund der Plasmonresonanz der NP-
Feldverstirkungen in der unmittelbaren Umgebung auftreten'®. Diese Feldverstirkung
kann die resonante Absorption von NW beeinflussen. Es wurde gezeigt, dass das elekt-
romagnetische Feld des Partikels von einem NW absorbiert werden kann, wenn sich
dieser nur wenige Nanometer entfernt befindet. Hierbei findet eine verstirkte Lich-

tabsorption des NW im spektralen Bereich der Plasmonresonanz des NPs statt'"’'%®.
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4 Eigene Arbeiten

4.1 Optische Eigenschaften von Si- und GaAsNW [CL1, CL2]

Si- und GaAsNW werden seit Jahren als Schliisselelemente fiir optische Detektoren,
chemische Sensoren, Transistoren oder Solarzellen gehandelt. Jedoch gibt es bisher kein
kommerziell erhéltliches Geridt welches NW als zentrales Sensorelement nutzt. Ein
Grund hierfiir ist, dass es bisher noch nicht méglich war die optischen und elektrischen
Eigenschaften der NW exakt einzustellen. In den Arbeiten CL1 und CL2 wird ein Bei-
trag geleistet die optischen Eigenschaften von Silizium- und GaAsNW exakt bestimmen

zu konnen.

Alle verwendeten NW wurden nach dem VLS-Prinzip mittels CVD-Verfahren (chemi-
cal vapour deposition) hergestellt. In diesem Prozess werden Substrate entweder mit
diinnen Goldschichten oder mit chemisch angebundenen Goldnanopartikeln in einer
definierten Gasatmosphire der Halbleitersubstanz (Silan / GaAs) bis zur Schmelze er-
hitzt. Wihrend dieses Prozesses diffundiert das gasformige Halbleitermaterial in die
Goldpartikel und bildet mit diesen eine eutektische Schmelze mit einem deutlich niedri-
geren Schmelzpunkt als die Einzelkomponenten, welche sich nach und nach mit dem
Halbleitermaterial iibersittigt. Der Uberschuss an Halbleitermaterial scheidet sich da-
raufhin an der Tropfenunterseite in kristalliner Form ab. Auf diese Weise entsteht ein
NW mit etwa dem Durchmesser des Goldpartikels, aus dem er wéchst. Die erhaltenen
NW sind fest mit dem Substrat (Silizium / Glas) verbunden und besitzen an ihrer Spitze
einen Partikel, welcher aus dem eutektischen Gemisch besteht. AnschlieBend konnen
die NW von dem Substrat abgel6st und fiir die optische Charakterisierung flach auf ein
Glassubstrat positioniert werden. Die optische Charakterisierung und die Aufnahme der
Streuspektren von einzelnen NW erfolgt im Durchlicht-Dunkelfeld. Hierbei wird die
Probe in einem flachen Winkel beleuchtet, sodass das direkte Licht am Objektiv vorbei-
gefiihrt wird. Diese mikroskopische Methode ermdglicht nicht nur Objekte im Nanome-
terbereich sichtbar zu machen, sondern auch die selektive Aufnahme von Streu-
lichtspektren dieser Objekte bei minimalem Hintergrund. Um einzelne NW spektral
untersuchen zu konnen, wurde eine Lochblende (100 um) in die Zwischenbildebene des
Objektivs (50x) eingesetzt und durch eine Multimodefaser in ein Spektrometer einge-
koppelt. Hierdurch wird in der Zwischenbildebene ein reales Bild mit einer Auflésung
von 2 um erzeugt, welches mit Hilfe des eingekoppelten Spektrometers optisch charak-
terisiert werden kann. Fiir die Messung werde Glassubstrate mit einer rasterartige Ein-
teilung genutzt, welche das Lokalisieren von ein und demselben Nanoobjekt fiir sowohl
optische als auch AFM- und REM-Aufnahmen erleichtert. Die optische Charakterisie-
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rung und die Aufzeichnung der Streuspektren erfolgte polarisationsabhingig (Ty / Tk /
unpolarisiert), indem zusitzlich ein linearer Polarisator in den Strahlengang eingesetzt
wurde. Der gesamte Strahlengang ergibt sich wie folgt: Das Objekt wird mittels Dun-
kelfeldkondensor im Durchlicht beleuchtet, dass gestreute Licht wird durch das Objek-
tiv (typisch 50x) vergroBert und anschlieBend durch ein in der realen Zwischenebene
befindliches, koplanares Pinhole (100 um) gefiihrt. Dieses Pinhole blockt das ,,uner-
wiinschte* Licht und fiihrt das nicht geblockte iiber eine Multimode-Faser in das Spekt-
rometer. Die spektrale Ortsauflosung ergibt sich dabei aus dem Quotienten Pinhole-
Durchmesser dividiert durch die Vergroerung des Objektivs (100 pm /50 =2 pm).
Durch die inverse Verwendung dieses Aufbaus (Einkoppeln einer Lichtquelle in die
Multimode-Faser), kann ein Lichtpunkt auf der Probe erzeugt werden, welcher die
rdumliche Justierung des Systems ermoglicht. Unter Verwendung dieses Systems wur-
den Streuspektren von NW verschiedenster Durchmesser aufgenommen und mit be-
rechneten Streuspektren korreliert. Die Berechnung basiert hierbei auf der Mie-Theorie,
welche nach Losung der Maxwell-Gleichungen die optischen Eigenschaften von kugel-
formigen Objekten im Nanometerbereich beschreibt. In den Publikationen [CL1 und
CL2] wurden Streueffizienzen (Q(l)s.a) berechnet, welche sich aus dem Quotienten
Streuquerschnitt (C(l)s,) dividiert durch die Projektionsflache des Objekts ergeben. Fiir
die Korrelation der berechneten Steueffizienzen mit den gemessen Steuintensitdten wird
davon ausgegangen, dass I(1)sca ~ C(1)sca ~ Q(1)sca ist. Da jedoch die Streuintensititen
nicht nur abhiingig von den Streueffizienzen, sondern auch von der Lichtquelle sind,
wurden die gemessen Streuintensitidten normalisiert und vom Hintergrundsignal berei-
nigt:

I grm = I (A)NW,DF —1 (A)BG,DF

IV g pr

Die normierte Streuintensitdt I(A),om berechnet sich nach der o. g. Gleichung aus der
gemessenen Streuintensitdt im Dunkelfeld I(A)yw, pr, dem Hintergrund im Dunkelfeld

I(A)sG.pr und dem Lampenspektrum bzw. dem Hintergrund im Hellfeld I(A)gc .

Unter Beriicksichtigung dieser Randbedingungen wurden einzelne NW mit unterschied-
lichem Durchmesser (70 — 180 nm) in Dunkelfeldkonfiguration spektral charakterisiert,
ihr Durchmesser mittels AFM exakt bestimmt und anschliefend mit den Berechnungen
korreliert. Hierbei ergibt sich eine erstaunlich gute Ubereinstimmung zwischen gemes-
senen und berechneten Werten, besonders wenn man beriicksichtigt, dass bei den Be-
rechnungen der Einfluss der Substratoberfliche vernachlidssigt wurde. Des Weiteren
wurden ebenso die Absorptionseffizienz und Streueffizienz in Abhingigkeit des Be-
leuchtungswinkels berechnet und publiziert. Im Falle der GaAsNW [CL2] gelang durch

das Fitten von gemessen und berechneten Streuspektren zusitzlich eine sehr genaue
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Bestimmung des Durchmessers der NW. Entsprechende Ergebnisse wurden auch hier
mittels AFM-Aufnahmen verifiziert. Zusétzlich konnen mit dem entwickelten Verfah-
ren ebenso nicht-zylindrische NW charakterisiert werden. Es wird gezeigt, dass Irregu-
laritdaten, wie kleinste Anderungen des NW-Durchmessers (> 5 nm) optisch detektiert,
quantifiziert und die fiir zylindrische NW verwendeten Berechnungsalgorithmen ebenso

fir kegelformige NW angewendet werden konnen (Abb. 1).
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Abb. 1: Optische Eigenschaften von Si- und GaAsNW. (a) Streueffizienzen von SiNW in Abhéngigkeit
der Wellenlidnge und des Durchmessers. Die Spektren (rechts) zeigen die Korrelation von berechneten
(schwarz) und gemessenen (rot) Streueffizienzen. (b) Verjiingte NW (GaAs) zeigen eine Farbidnderung
durch das gesamte Spektrum entsprechend ihrer durchmesserabhéingigen Streueffizienzen. Die Balken
neben den NW zeigen den Durchmesser des NW in der entsprechenden Position. (c) Anhand des
Streuspektrums wurde der Durchmesser eines NW bestimmt. Der NW besteht aus zwei unterschiedlich
dicken Abschnitten (194.0 nm / 188.5 nm).

Zusammenfassend kann gesagt werden, dass Anhand dieser Publikationen erstmals eine
umfassende Charakterisierung der Streueigenschaften von SINW und GaAsNW erfolg-
te. Die theoretischen Berechnungen basieren hierbei auf der Losung der Maxwell-

Gleichungen nach Mie fiir unendlich lange Zylinder, wihrend die experimentelle Cha-
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rakterisierung durch spektroskopische Messungen an einzelnen NW erfolgte. Anhand
dieser Ergebnisse ist es moglich den Durchmesser von SINW und GaAsNW entspre-
chend ihrer Farbe / spektraler Information mit einer Genauigkeit von wenigen Nanome-

tern zu bestimmen.

4.2 Dielektrophoretische Integration von DNA, AuNP und
Si/ZnONW im Mikroelektrodenspalt [CL3, CL4, CL5]

In unserer ,,makroskopischen Welt* sind Titigkeiten wie Aufnehmen, Festhalten oder
Loslassen von einzelnen Objekten simple Aufgaben. Wirft man jedoch einen Blick auf
die mikro- oder nanoskopische Welt sieht das ganz anders aus. Hier dominieren Koha-
sion und Adhéasionskrifte basierend auf Van-der-Waals Interaktionen, wihrend z.B. die
Gravitationskraft nur eine untergeordnete Rolle spielt. Daher werden obengenannte Ma-
nipulationen auf der Einzelmolekiilebene, selbst wenn es sich um Makromolekiile wie
DNA handelt, schwierige Aufgaben. So erfordert die gezielte Handhabung von nanos-
kaligen Objekten meist sehr kostspielige Gerite und Methoden, was wiederum den wirt-
schaftlichen Einsatz von einzelnen Nanostrukturen trotz ihres hohen Potentials behin-
dert. Besonders in komplexen miniaturisierten Systemen, wie sie in Lab-on-a-Chip-
Systemen im Bereich der Diagnostik und Analytik immer mehr Anwendung finden, ist
die Handhabung von wenigen oder auch einzelnen Molekiilen von Interesse. In Publika-
tion [CL3] wird eine auf DEP basierende Technik vorgestellt, welche die Manipulation
von DNA-Einzelmolekiilen in einem Mikrometerelektrodenspalt erméglicht. Als Neue-
rung im Vergleich zu vergleichbaren Publikationen konnten nicht-modifizierte DNA-
Einzelmolekiile iiber Distanzen von bis zu 10 um zwischen zwei Elektroden gestreckt
werden und als Einzelmolekiile mittels AFM nachgewiesen werden. Als Basisplattform
wurden Chipsubstrate photolithographisch iiber einen Standard-Lift-off-Prozess herge-
stellt. Die Elektrodenstrukturen zur Etablierung des elektrischen Feldes bestehen aus
Gold (100 nm). Es werden Elektroden mit spitzt zulaufender oder flacher Geometrie mit
einem Elektrodenspalt von 2 pm (spitz) oder 10 um (flach) verwendet. Durch Variation
der Spannung bei einer konstanten Frequenz von 100 kHz war es moglich, verschiedene
Konzentrationen an DNA-Molekiilen im Elektrodenspalt einzustellen. Durch Senken
der Spannung auf 0.5 V, gelang es, einzelne DNA-Molekiile im Elektrodenspalt einzu-
fangen und zu befestigen. Es konnte gezeigt werden, dass es mittels DEP moglich ist,
DNA-Molekiile zwischen zwei Elektroden zu positionieren und iiber Distanzen von 2 -
10 um zu strecken (Abb. 2). Entsprechende Ergebnisse wurden sowohl mit Fluores-
zenzmikroskopie als auch AFM bestitigt. Des Weiteren konnte mittel Fluoreszenz-
Echtzeit-Detektion der Assemblierungsvorgang verfolgt und das Ausrichten der ge-

streckten DNA-Molekiile entlang der Feldlinien demonstriert werden.
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Abb. 2: AFM-Aufnahme von mehreren
,aufgespannten einzelnen DNA-Molekiilen [CL3]

Das gleiche Prinzip, welches bereits fiir die Integration von DNA in Mikroelektro-
denspalten genutzt wurde, kann auch fiir nicht-biologische Nanostrukturen wie halblei-
tende NW [CL5] oder AuNP [CL4] genutzt werden. Die Mikroelektrodensubstrate sind
fiir die Integration dieser Nanoobjekte nicht mehr nur Werkzeug fiir die Handhabung
sondern gleichzeitig Kontakte fiir die elektrische Charakterisierung und Sensorik. Daher
kommt, neben der bloBen Handhabung (Einfangen und Ablegen), die elektrische Kon-
taktierung als wichtiger Aspekt der Integration hinzu. Die zur DEP-Integration verwen-
deten NW wurden unter den analogen, in Publikation [CL1] bereits beschrieben Bedin-
gungen nach dem VLS-Prinzip hergestellt. Zur elektrischen Charakterisierung der Kon-
takte wurden fiir die Aufzeichnung von U-I-Kennlinien n-dotierte SiNW verwendet. Die
Synthese erfolgte durch Zugabe des Dotiergases Phosphin unter vergleichbaren Bedin-
gungen wie bei den nicht-dotierten SINW. Schmid et al. beschrieben SINW welche un-
ter analogen Bedingungen hergestellt wurden''’. Sie besitzen eine Dotierungsdichte von
10" bis 10 Atome / cm?. Es wird daher davon ausgegangen, dass der Dotierungsgrad
der verwendeten SINW in der gleichen Groenordnung liegt. Die Integration der SINW
erfolgte mit der Zielstellung, optoelektronische Sensorik an einzelnen SINW durchzu-
fiilhren. Daher wurde ein Chiplayout entworfen, welches speziell das Einfangen, Aus-
richten und Integrieren von einzelnen NW (e.g. SiINW) ermoglicht. Sich verjiingende
Elektroden erzeugen hierbei einen Feldgradienten mit einem Maximum im Zentrum des
Chips. Dies ermoglicht das Dirigieren der SINW von den Elektrodenrandbereichen zum
Elektrodenspalt im Zentrum. Damit gelingt es einzelne SINW mittels DEP entlang der
Elektroden zum Elektrodenspalt zu fiihren. Entsprechend der Elektrodengeometrie rich-
tet sich dann der SINW aus und kann mit kurzen AC-Pulsen auf den Elektroden befes-
tigt werden. Im besonderen Fokus stand bei dieser experimentellen Arbeit die Minimie-
rung des Kontaktwiderstands zwischen Halbleiter und Metallelektroden. Um die Schott-
ky-Barrieren zwischen Halbleiter und Metall so gering wie méglich zu halten, wurden

die Elektroden aus Titan strukturiert. Die Austrittsarbeit von Titan ist hierbei deutlich
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niher an der Bandliicke von Silizium als andere hiufig verwendete Elektrodenmateria-
lien (e.g. Gold, Nickel-Chrom, Platin). Damit konnte eine Methode entwickelt werden,
die es ermoglicht, einzelne halbleitende NW optisch kontrolliert zu kontaktieren, ohne
kostenaufwendige Reinraumtechnologien verwenden zu miissen (e.g. E-Beam-
Lithographie, UV-Lithographie). Die Analyse der Qualitit der Kontakte erfolgte mittels

Aufnahme der U-I-Kennlinien.

Wihrend SiNW einzeln integriert werden konnten, war dies fiir AuNP auf Grund ihrer
GroBe nur in Form von Partikelketten oder Partikelteppichen (multiple Partikelketten)
moglich. Die Verfahren zur DEP basierenden Integration beider Nanostrukturen unter-
scheiden sich grundlegend voneinander. AuNP-Ketten assemblieren sowohl bei Fre-
quenzen im kHz- als auch im MHz-Bereich. Es konnte herausgefunden werden, dass
Partikelketten im kHz-Bereich bei der Assemblierung in Form eines ,,Nanodrahts® mit-
einander verschmelzen, wihrend im MHz-Bereich assemblierte Partikelketten im all-
gemeinen nicht miteinander verschmelzen [CL4]. Die Unterscheidung von verschmol-
zenen (nanodrahtartig) und nicht-verschmolzenen (perlenschnurartig) Ketten kann leicht
anhand des elektrischen Widerstands erfolgen. Nanodrahtartige Ketten zeigen Wider-
stande im kQ-Bereich, wihrend perlenschnurartige Ketten Widerstinde im MQ-Bereich
besitzen. Des Weiteren konnte in [CL4] gezeigt werden, wie durch Anpassung entspre-
chender Parameter eine Assemblierung von AuNP-Ketten unterschiedlicher Dichte mit
AuNP verschiedenster Grofle (5 — 60 nm) moglich ist. Ebenso gelang die Parallelisie-
rung der Integration sowie die Integration mit Nanoelektroden. Hierbei ist es moglich in
Abhingigkeit des Elektrodenabstands wenige AuNP oder auch einzelne AuNP zu integ-
rieren. Die entsprechenden Ergebnisse wurden mittels REM charakterisiert und verifi-
ziert. Die Kontrolle des Integrationsprozesses erfolgte meist optisch mittels Durchlicht-
mikroskopie. Hierbei wurde die starke Absorption der Partikel genutzt, um die Ketten-
bildung mittels Immersionsobjektiv in Losung in Echtzeit zu verfolgen. Des Weiteren
gelang erstmals eine elektrische Echtzeitdetektion der Partikelkettenformation. Hierbei
wurde wihrend der Assemblierung der Realteil der Impedanz gemessen. Eine sukzessi-
ve Verringerung des Widerstandes zeigte die Integration von Partikeln in den Elektro-
denspalt. Dies ermdglicht sowohl das Kettenwachstum zu detektieren als auch den Zeit-
punkt des ,,Kurzschlusses exakt zu bestimmen. Speziell der Zeitpunkt des Kurzschlus-
ses ist fiir die Assemblierung von entscheidender Bedeutung, da ein andauernder Kurz-
schlussstrom die Partikelketten direkt nach der Assemblierung beschidigt oder auch
zerstort. Es wird davon ausgegangen, dass die Echtzeiterfassung der komplexen Impe-
danz ebenfalls hilfreich fiir die Integration anderer optisch nicht auflosbarer Nanostruk-
turen (e.g. CNT) sein kann. Entsprechende Arbeiten sind Inhalt aktueller Forschung.

Zusammenfassend kann festgestellt werden, dass mit den o. g. Arbeiten [CL3, CL4 und
CLS5] neue Verfahren zur submikrometergenauen Positionierung von Nanostrukturen
(AuNP / NW) oder gar Makromolekiilen (DNA) mittels DEP entwickelt, optimiert und
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experimentell charakterisiert werden konnten. Hieraus ergeben sich weitreichende An-
wendungsgebiete fiir diese Technik im Lab-on-a-Chip-Bereich oder auch im Bereich
der elektrischen Sensorik. Zum jetzigen Zeitpunkt existieren keine vergleichbaren
Selbstassemblierungstechniken die es ermdglichen einzelne bottom-up Nanostrukturen

auf Chipsubstraten geordnet zu assemblieren und zu kontaktieren.

4.3 Resistive Sensorik und Biomodifikation von AuNP-Ketten
und Si/ZnONW [CL4, CL5, CL6]

Ein weiterer Teil der Arbeiten beschiftigt sich mit der Untersuchung grundlegender
Mechanismen zum FEinsatz DEP-assemblierter AuNP-Ketten als chemische bzw. bio-
chemische Sensoren. Hierfiir wurden sowohl experimentelle Verfahren fiir eine Wider-
standsmessung der AuNP-Ketten in Form von Endpunktmessungen als auch in Echtzeit
entwickelt und entsprechende Messungen durchgefiihrt [CL4]. Die Anbindung eines
Modellanalyten (1-Mecaptohexanol) erhoht hierbei den Widerstand der AuNP-Ketten

welcher als elektrisches Signal ausgelesen werden kann (Abb. 3).
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Abb. 3: Echtzeitmessung des Widerstands bei Anbindung eines Modellanalyten (6-Mercaptohexanol) an
die dargestellte Goldnanopartikelkette. Die REM-Aufnahme zeigt eine mittels DEP hergestellte Nanopar-
tikelkette zwischen zwei Mikroelektroden, welche aus 30 nm gro3en Goldnanopartikeln besteht [CL4].

Es wird davon ausgegangen, dass der sensorische Mechanismus dabei auf einer Ande-
rung der Tunnelwiderstinde zwischen den AuNP im Leitungsprozess beruht. Die Tatsa-
che, dass nanodrahtartige AuNP-Ketten im Vergleich zu perlenschnurartigen AuNP-
Ketten kaum eine Widerstandsidnderung zeigen, unterstiitzt diese Vermutung. Perlen-

schnurartige AuNP-Ketten konnen hierbei als seriell geschalten Kapazititen gesehen
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werden, die auf Grund des Tunnelstroms von AuNP zu AulNP zusitzlich einen resisti-
ven Widerstand (Tunnelwiderstand) besitzen. Es wird vermutet, dass durch die Anbin-
dung von ,,isolierenden* Molekiilen der resistive Widerstand erhoht wird und somit als
Signal zur elektrischen Auslesung dienen kann. Entsprechende Mechanismen werden

auch in > diskutiert.

DEP kontaktierte SINW wurden fiir die optoelektronische Sensorik genutzt. Fiir die
entsprechenden Versuche wurden einzelne SINW kontaktiert und ihre photosensitive
Leittdhigkeit genutzt. Hierbei werden durch das absorbierte Licht Elektronen-Lochpaare
kreiert welche die Leitfidhigkeit des NW erhohen. Basierend auf diesem Effekt wurden
Reaktionszeitmessungen und wellenliingenabhingige Messungen der Photoleitfihigkeit
durchgefiihrt [CLS]. Die Belichtung erfolgte mit Hilfe einer fokussierten 100 W Halo-
genlampe in Verbindung mit Metallinterferenzfiltern. Die Verwendung von Hochinten-
sitdtslichtquellen ist nicht notwendig. Es zeigte sich das NW eine wellenldngenabhiingi-
ge Photoleitfihigkeit entsprechend ihrer Mie-Resonanz aufweisen. Entsprechend der
Berechnungen in [CL1] zeigt ein SINW mit einem Durchmesser von 130 nm eine ver-
stiarkte Absorption bei 475 nm (Abb. 4, rote Linie). Die Messungen weisen einen erhoh-
ten Photostrom in diesem Wellenldngenbereich nach. Damit kann gezeigt werden, dass
DEP kontaktierte NW entsprechend ihres Durchmessers (Mie-Resonanz) als wellenldn-
genabhédngige und somit spektral aufgeloste, nanoskalige Photosensoren eingesetzt wer-
den konnen (Abb. 4).
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Abb. 4: Mittels DEP kontaktierter SINW, auf einem Mikroelektrodensubstrat. Die Grafik zeigt die Korre-
lation zwischen Mie-resonanter Absorption (rot) und dem gemessen Photostroms bei der entsprechenden
Wellenldnge (Balken) [CLS5].

Ein weiteres Ziel ist DEP integrierte SINW sowie ZnONW auch fiir die biologische
Sensorik einzusetzen [CL6]. Hierbei soll die Hybridisierung von DNA oder die Bindung
zwischen Antikorper und Antigen fiir die notwendige Spezifitidt sorgen, wobei das Bin-

dungsereignis markerfrei elektrisch ausgelesen wird. Damit das bewerkstelligt werden
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kann, muss ein kontaktierter NW &dhnlich wie ein Metalloxidfeldeffekttransistor arbei-
ten. Das Schalten des Transistors erfolgt nicht durch eine Gateelektrode sondern durch
die native Ladung der Biomolekiile. Hierfiir miissen zunichst ,,Fingermolekiile® (e.g.
DNA-Sonden) auf oder in unmittelbare Nihe des NW gebunden werden. Bindet nun ein
passendes Molekiil an die Sonde, dndert sich das lokale elektrische Feld in dem sich der
SiNW befindet, was zur Verarmung oder Anreicherung von Ladungstrigern im NW
fiihrt und als Widerstandsénderung detektiert werden kann. Damit dieses Fernziel er-
reicht werden kann, wurde an der chemischen Modifikation der NW gearbeitet. Hierfiir
wurden DNA-Sonden fiir die spezifische Hybridisierung angebunden. Im ersten Schritt
wurden die NW nach Aktivierung durch Sauerstoffplasmaitzen direkt auf dem Wachs-
tumssubstrat mit 3-Glycidoxypropyltriethoxysilan silanisiert. Dieses Silan dient als Lin-
kermolekiil und vermittelt so eine kovalente Bindung zwischen der DNA-Sonde und der
NW-Oberfldache. Durch diesen Linker konnen amino-modifizierte DNA-Sonden durch
eine Additionsreaktion an den Linker gebunden werden. Der Nachweis der erfolgreiche
Anbindung erfolgte durch Verwendung einer direkt fluoreszenzmarkierten DNA-Sonde
(CY3-5°-AGA ATC AAG GAG CAC ATG CTG AAA AAA-3°-NH2). AnschlieBend
erfolgte die Modifizierung mit nicht-markierten Sonden. Ein NW-Substrat wurde dabei
mit einer zu Ziel-DNA komplementdren Sonden-DNA modifiziert (5°-TTT TTT CAG
CAT GTG CTC CTT GAT TCT ATG - NH2 - 3°), wihrend ein zweites NW-Substrat
mit einer zur Ziel-DNA nicht-komplementirer Sonde (5‘-ACT GAC TGA CTG ACT
GAC TGA CTG GGC GGC GAC CT - NH2 - 3¢) versehen wurde. Anschliefend er-
folgte die Hybridisierung beider Substrate mit der Ziel-DNA (5°-CAT AGA ATC AAG
GAG CAC ATG CTG AAA AAA-3°-Cy3). Als Ergebnis zeigt sich, dass komplementéa-
re DNA wie erwartet spezifisch an die NW bindet, wihrend nicht-komplementire DNA
kein Signal zeigt. Anhand der Korrelation der optischen Dunkelfeld-Aufnahmen (Dar-
stellung aller NW unabhéngig von ihrer DNA-Modifikation) mit den Fluoreszenzauf-
nahmen konnte nachgewiesen werden, dass die Hybridisierung mit einer hohen Effizi-
enz bei geringem Hintergrund erfolgt. Die experimentellen Ergebnisse belegen die
Moglichkeit, SINW vergleichbar zu planaren Substraten in der Mikroarraytechnologie
biologisch zu modifizieren. Sie eignen sich somit auch als Substrate fiir die DNA-
Chiptechnologie (Abb. 5).
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Abb. 5: DNA-modifizierte SINW (DNA-Sonde), welche mit komplementirer, fluoreszenzmarkierter
DNA hybridisiert wurden. Aufnahme (a) zeigt die SINW im optischen Dunkelfeld unabhingig ihrer Fluo-
reszenz. Aufnahme (b) zeigt mittels Fluoreszenz die Hybridisierungspositionen der DNA.

Fiir die Arbeiten [CL4, CLS, CL6] kann zusammenfassend festgestellt werden, dass
sowohl AuNP-Ketten, als auch NW mittels DEP integriert und als Sensoren eingesetzt
werden konnen. AuNP-Ketten eignen sich als chemoresistive Sensoren fiir die Anbin-
dung von Thiolen, wihrend SiNW fiir die photoresistive Sensorik genutzt wurden. Ver-
gleichbar zur chemoresitiven Sensorik an AuNP-Ketten wiren genauso SiNW oder
ZnONW als chemoresistive Sensoren denkbar. Fiir die zukiinftige Etablierung eines
DNA-Microarrays wurden NW mit DNA-modifiziert und fiir die spezifische Detektion

von DNA nach Hybridisierung und Fluoreszenzmarkierung eingesetzt.
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5 Zusammenfassung und Ausblick

Die dargelegte Arbeit zeigt das hohe Potential von bottom-up Nanostrukturen fiir die
Analytik. Sie umfasst alle grundliegenden Schritte fiir die Demonstration eines Sensors
auf der Basis von chemisch synthetisierten Nanostrukturen (AuNP, SINW, ZnONW).
Beginnend bei der optischen und elektrischen Charakterisierung der Nanostrukturen,
iiber die elektrische Integration als wohl anspruchsvollstem Schritt, bis hin zur De-
monstration eines optoelekronischen und chemoresistiven Sensors wurden all diese

multidisziplinire Ziele realisiert.

Die optische Charakterisierung konzentrierte sich auf SINW und GaAsNW. Es wurde
gezeigt, dass die optischen Eigenschaften dieser Halbleiternanodrihte, in Abhédngigkeit
von Durchmesser und Polarisation, im gesamten Bereich des sichtbaren Lichtes ein-
stellbar sind. Diese Ergebnisse wurden durch Berechnungen basierend auf Mie-
Resonanzen bestitigt. Basierend auf diesen Resultaten wurde eine Methode vorgeschla-
gen, die Durchmesser dieser NW anhand ihrer spektralen Information zu bestimmen.
Die elektrische Charakterisierung der Nanostrukturen erfolgte nach der Integration mit-
tels DEP. Kontaktierte SINW konnten als wellenldngenabhéngige und damit spektral
aufgeloste Photosensoren demonstriert werden, wihrend AuNP in Form von Ketten als
chemoresistive Sensoren fiir Thiolverbindungen eingesetzt wurden. Ebenso war auch
die Integration von DNA-Einzelmolekiilen moglich. Des Weiteren wurde ein Verfahren
entwickelt, welches die Modifikation von SINW und ZnONW mit DNA-Sonden ermog-
licht. Entsprechend modifizierte NW haben das Potential fiir einen Einsatz im Bereich
der resistiven DNA-Analytik.

Im Allgemeinen konnen die hergestellten Sensoren im Bereich der kostengiinstigen
Sensoren eingeordnet werden, da die verwendeten bottom-up Nanostrukturen in grof3en
Mengen einfach herstellbar sind. Die elektrische Integration dieser Strukturen durch
eine Parallelschaltung [CLA4] ldsst sich einfach und kostengiinstig realisieren. Die zu-
satzliche Aufbringung von selektiven Sensorschichten wie z.B. DNA-Sonden oder An-
tikorpern fiir die Bioanalytik kann ebenso im Hochdurchsatz effizient mittels Piezo-
Drucker erfolgen. Entsprechende Techniken sind bereits im Bereich der Microarray-
Technologie etabliert. Das Sensorsignal selbst wird bei allen vorgestellten Sensorprinzi-
pien in Form eine Widerstandsdnderung ausgelesen und erfordert somit keine auf-

wendige Ausriistung.

Insgesamt konnte mit dieser Arbeit ein Beitrag geleistet werden, das gro3e Potential von
bottom-up Nanostrukturen im Bereich resistiven Sensorik zu demonstrieren. Zusétzlich

wurden experimentelle Untersuchungsergebnisse gewonnen, die zur Erweiterung der
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Kenntnisse iiber grundlegende optische Eigenschaften von halbleitenden Nanodrihten
beitragen. Basierend auf diesen Erkenntnissen wurde ein Verfahren entwickelt, welches
die optische Bestimmung von Nanodrahtdurchmessern (Si / GaAs) ermdglicht. Des
Weiteren konnte ein optoelektronischer, wellenldngenselektiver Sensor demonstriert
werden, welcher auf der Mie-Resonanzabhiingigen Leitfihigkeit von Silizium Nano-
drihten basiert. Die weitere Optimierung solcher Systeme bis zur Anwendungsreife ist
ein vielversprechendes Ziel fiir weitere Forschung und Technologieentwicklung. Hier-
bei wiren das Vorantreiben der Parallelisierung der Integration sowie die Etablierung
giinstiger Chipsubstrate sinnvoll. Entsprechende Inhalte sind Thema aktueller For-

schungsarbeiten.
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Optical Properties of Individual Silicon
Nanowires for Photonic Devices

Gerald Bronstrup,”* Norbert Jahr,” Christian Leiterer," Andrea Csaki,” Wolfgang Fritzsche,” and

Silke Christiansen"*

“Institute of Photomsic Tachnology Jena, 07745 Jena, Gemmany, and "Max Planck Institute for the Science of Light, 91058 Erlsngen, Germany

ilicon nanowires (SINWSs) in en-

sembles, usually on large area sub-

strates such as wafers or glass sheets,
have attracted much attention in the past
few years to potentially serve as future
building blocks in sensors, transistors,” so-
lar cells,” ' and photodetectors.™ A prereg-
uisite for using SINWSs in the aforemen-
tioned devices is that the electrical and
optical properties are understood and can
be controlled. So far, neither the under-
standing nor the control is satisfying. The
present paper tries o support an enhanced
understanding of the optical properties of
individual SiNwWs.

Many papers have been published deal-
ing with the optical properties of nanowire
(NW) ensembles.”™ " A major part of the
analysis of the measured data therein is
based on the scattering properties of indi-
vidual NWs in the Rayleigh limit, which is
valid for diameters d <= Af{mn)." Furthmer-
more, non-Rayleigh-type resonances for
these systemns have been reported."” The
knowledge of the values of optical coss
sections is fundamental for other quantita-
tive analyses: for example, a calculated
value of the absorption cross section for
CeiSe NWs has been used to estimate the
quantum yield of their photolumines-
cence,'” Consequently, absolute values of
the absorphion cross sections of both CdTe
and Cd5e NWs in a solution have been re-
ported'® for a couple of wavelengths. Fur-
thermore, the polarization anisotropy of
CdSe and CdSe/CdS corefshell NWs has
been analyzed for two different wave-
lengths,'"™ and even experimental
polarization-dependent absolute values of
the absorption cross section of CdSe NWs
for one wavelength have been published ™
These experimentally obtained absolute

WWW. ACINAND.ONg

ABSTRACT Silicon & 2 high refractive index material. Consequently, siicon nanowires (SINWs) with diameters
on the order of the wavelengths of visible lght show strong resonant field enhancement of the incident fight, 5o
this type of nanomaterial is 3 good candidate for all kinds of photonic devices. Surprisingly enough, 2 thorough
experimental and theoretical analysis of both the polarization dependence of the absorption and the sattering
behavior of individual 5INWs under defived Hlumination has not been presented yet. Here, the preseat paper will
wntribute by showing optical properties such as scattering and absorption of individual SMWs experimentally in
an optical microscope using beight- and dark-field Mumination modes a5 well 2 in analytical Mie alculations.
Experimental and cadeulation results are in good agreement, and bath reveal a strong correlation of the optical
properties of individual SINW: to their diameters. This finding supperts the notion that S5iNWs can be used in

photonic applications such x4 for phatavaltaii or optical sensar.

KEYWORDS: silicon - nanowire - optics - individual spectra - scattering -
absorption - Mie

values are in good agreement with those

obtained by Mie theory. 5o far, 2 profound

analysis of the optical properties of indi-

vidual NWs is available for germanium.” In

comparison to Ge. 5 has a smaller extinc-

tion coefficient k for the whole visible spec-

trum, that is, for wavelengths larger than

~340 nm.™ This should, in principle, result

in even Sronger resonances. The same fing

of thought applies for the direct semicon-

ductors™ since they have, depending on

the wavelength, either very high extinction

coefficients k or extinction coefficients close

to zero. The latter, of course, would rule

out strong absorption, and thus, even

strong resonant enhancement would still

result in very low absorption efficiencies.

Very recently, some optical properties, such

as light absorption of NWs of different ma-  “Address cormespondence o

terials including silicon, have been pub- geraid broemtrupdgmail .com.

lished™ and the basic physical principles Recoived for neview May 9, 2010

are described that are responsible for the and acoepred November (4, 2010,

generality of resonances in one-

dimensional nanostuctures and that Indl- aqeraroraa T L.

cate which resonances are mostly suited for

absorption and how absorption depends © 2910 Aenerean Chsmical Socrty
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Figure 1. Complex refractive index A = i + ik of silicon given
by the refractive index » and the extinction coefficient k
taken from ref 24. Inset: Schematics of SiINW position with re-
spect to the inddent lluminating light: definition of the
angle of light incidence £

on the geometrical cross section of the SiNWs, More
over, this paper describes how several rectangular NWs
of amorphous S lying in parallel can enhance the light
absorption compared to a thin film

However, both a detailed analysis of the scattering
behavior of SINWs and an analysis of the polarization
dependence of the optical properties of SINWs are still
missing. Here, the present paper will contribute new ex-
permental data of polarization and illumination con-
trolled bright- and dark-field optical analyses together
with analytical Mie calculations, contributing the
polarization-dependent absorption efficiendes O, of
individual 5iINWs. The dependence of scattering and ab-
sorption on the diameter d of S5INWs, on the wave-
length & of the lluminating light, on its angle of inci-
dence £ and on the polanzation is discussed. The anghe
of incidence £ is the angle between the illuminating
light and the long axis of the SINW, as schematically
shown in the inset of Figure 1, Qur findings show that
absorption and scattering efficiencies are strongly de-
pendent on the wavelength A of the illuminating light,
its polarization, and the diameters d of the SINWs. These
findings indicate that SiINWs are ideal candidates for a
sensitive tuning of photonic devices by varying certain
parameters of the SINWSs, such as the diameter and ori-
entation with respect to the incident light

To calculate scattering and absorption efficiencies
Qs @and O the well-known Mie theory' is used, The
efficiencies 0., and 0., are dimensionless and defined
by the ratio of the particular cross section o, of Ca.
and the geometrical area A of the object, Qs s = Caa
/A, The cross section is defined as an imagined area
around the illuminated object. A% soon as an illuminat-
ing beam hits this area, interaction will ocour, Within the
limits of geometrical optics, this means the absorption
cross section Ce, of 3 hypothetical, perfectly absorbing
black body is always equal to the geometrical area A of
the object and thus the absorption efficiency Q... 8l
ways equals T—independently of the geometrical
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Figure 2. Optical micrograph of SiNWs on a glass substrate
using a dark-field illumination configuration. Thus, only the
scattered light is visible. The different colors of the SiNWs in-
dicate that SiNWs of different diameters scatter the light dif-
ferently. Inset: bright-field image of SiNWs on a glass sub-
strate; in this case, only the transmitted light Is visible. SiNWs
are visible with an optical microscope because they scatter
light efficiently despite their nanometer scake.

shape. For @ body that is an imperfect absorber, the ab-
sorption efficiency Q... resides between 0 and 1. Fur-
thermore, within the limits of geometrical optics, the ef-
ficiencies Q are, in general, limitad 1o values between
0 and 1. Leaving these limits of geometrical optics, as
oocurs when structures smaller than the illuminating
wavelength A are illuminated, such as the SINWSs in our
expefiments, different findings concemning the cross
sections can ocour le.g., absorption efficiencies Q..
much bigger than 1). This means that absorption cross
sections, Cy. aré bigger than the geometrical area A of
the object; that is, the SINW can thus coliact light from
an anea much bigger than its geometrical area A [Le, the
area covered by the SINW itselfl. A similar effect has
been calcutated for an array consisting of SINWs with a
diameter d = 200 nm and a length of 2000 nm embad-
ded in a polymer matrix for one wavelength A = 350
nm. In analogy 1o the sbsorption efficlencies 0. big-
ger than 1 outside of the framework of geometrical op-
tics, scattering efficiencies Q.. bigaer than 1 can oc-
cur, which means in this case that light is scattered from
an area bigger than the geometrical area A of the SINW.
In our examples, the calculated scattering efficiencies
0. reach valuss up to 901% and the absorption &ffi-
ciencies O, reach values of up to 449%. This shows
thiat SINWs have the potential to harvest and scatter
lighit very effectively.

RESULTS

Optical Microscapy. SINWs lying flat on a glass sub
strate show a broad spectrum of different colars (of Fig-
ure 2) as presented in optical micrographs in both dark-
field and bright-field gecmetry. Each straight SINW
shiows only one color, except the end points or when
other particles are lying very close to the SINW. The in-
vestigated SiNWs are several times longer than the
wavelength of the lluminating light in vacuum. The ef-
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fective wavelength of the light in the SiNWs is about
1.5 times smaller. Therefore, we do not cansider the
length of the SINWSs important for resenances, which
could lead to different colors, These resonances would
be considerably damped over such distances in Sl
Hence, we assume that different colors point to differ-
ent SINW diameters,

To further analyze the cause of these different col-
ors of individual SiNWs, the diameters of some of these
SINWS are measured using a scanning electron micro-
scope (SEM) (of, insets in Figure 3). The relation to the
optical dark-field measurements that show the differ-
ent colors is maintained by making use of markers that
can be identified in the SEM as well as in the optical
microscope. The color of the SINWS in the optical micro-
scope images is clearly comelated to the diameters
of the SINWSs (cf insets in Figure 3), SINWSs with colors
ranging all over the visible spectrum can be found. The
correlation of SINW diameter measurements and the
color analysis with an optical microscope shows that a
change in SiINW diameter  from 77 to 118 nm is re-
spansible for a color change of blue to orange in dark
field, This finding suggests that the SINW scattering or
absorption can be tuned very sensitively by slightly
varying the SINW diameter, The aforementioned exper-
mental findings are supported by analytical Mie calou-
lations'® of the scattering efficiencies Q...

Scattering Efficlencies 0., Based on Mie Theary. The colors
of Individual SINWs in dark field and their diameters d
as obtained by SEM measurements can be related to
the scattering efficiencies Q... from Mie calculations
iFlgure 3), The colors of SINWS vary with their diam-
eters d since the intensity of the scattered light Is pro-
portional 1o the product of the intensity of the Hlumi-
nating light and the scattering efficiencies Q... Q. Is
dependent not only on the wavelength of the Incident
light but also on the diameter  of the SiINWSs, As shown
in Figure 3, the colors of individual 5INWs obtalned
from optical dark-held microscopy very well coincide
with the colors that are expected from the Mie theory
calculations, For example, SINWs with a diameter of d =
77 nm show big scattering efficdencies Q,., for blue
light and thus appear blue in the corresponding opti-
cal dark-feld image, or SINWs with a diameter of o =
107 nm appear yellow In optical dark-field microscopy
according to a scattering efficiency peak at a wave-
length of yellow light

Scattering Spectra. To quantitatively analyze the scat-
tering behavior of the SiINWs, including the depen-
dence on the polarization, scattering spectra with polar-
ized, transmitted (lLe. the SiINWs are [lluminated
through the glass substrate] light are taken in dark-
field configuration. The positions of the peaks in the
measured spectra are in accordance with the corre-
sponding Mie calculations {cf. Figure 4, Figure 5, and
Figure 6), and the spectra show prenounced polariza-
tion dependence.

WiwWw.acsnann.org
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Figure 3. Scattering efficiencies 0,,, depending on SINW diameters o
calculated using Mie theory for perpendicular llumination (£ = 907)
with nonpolarized light. Insets: SEM images and corresponding dark-
field light optical micrographs of individual SINWs lying flat on a glass
substrote; all scale bars represent 1 pm; the SINW diameters d are la-
beled In the SEM micrographs: the emor for these values ranges from
5 to B nm, for the 77 and 118 nm diameter, respectively. The optical
dark-field Images superimposed with the calculated scattering effi-

ciency Q. show a very good agreement.

Any illuminating electromagnetic field can be split
Into two Independent polarizations. For the so-called
transversal electric (TE) polartzation, the vector of the
magnetic H-field is parallel to the SINW's long axis, and
for the so-called transversal magnetic (TM) polarization,
the vector of the electric £-feld is parallel to the SINW's
lexrg axis. The ratio of the intensities of the spectra meas-
ured with TE and TM polarized light, however, shows
differences with respect to the ratio of the calculated
scattering cross sections Quqr/Quearw e, Figure 5 and
Figure &). In particular, the TE polarized light is scattered
much stronger compared to the TM polarized light
than predicted by the Mie calculations, This may be in-
terprated as an influence of the substrate, given that
the substrate is not considered in the Mie calculations
of the scattering effickencies Q... Though the back-
ground of the scattered light from the substrate does
not show any pronounced peaks, the imeraction be-
tween a SINW and the substrate could lead to new pat-
terns in the scattering spectrum, Spectra taken with-
out polarizer show these differences between
experimental measurements and Mie calculations, as
well (cf. Figure 4),

Caloufations of Scattering and Absorption Effidendies of
Individual 5iNWs Based on Mie Theory, Scattering Efficiendies for
Perpendiculor (Numination £ = 90", As shown in Figure 4, Fig-
ure 5, and Figure &, the scattering cross sections O, do
strongly depend on the wavelength , of the illuminat-
ing light and its polarization, thus permitting to tune
light scattering in SiINWSs for device applications, though
If the S5iNWs are not embedded in a homogeneous me-
dium the effects of the close (Le, distances compa-
rable to a few times the wavelength k) surrounding
have to be considered.
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diameter [nm]
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Figure 4. Calculated scattering efficiencies 0. for nonpolarized light at normal incidence (£ = 907 for d = 1 and 300 nm
and A = 400 and B50 nm. Solid black lines indicate the positions of the measured spectra. On the right-hand side, normal-
ized measured scattering spectra are shown (red lines), and the black lines in these graphs are the corresponding miculated
scattering efficiences Q... The measured and normalized (following eq 10) scattering intensities are scaled with a constant
factor for each SINW to match the calculsted scattering efficiencies Q... Thess factors are the tame for every polarization
shown In Figure 4, Figure 5. and Figure 6. The diameters of the SINW shown In the graphs ane measured using an AFM. The
scabe on the right-hand side shows the scattering efficiencies. On the left side. optical dark-field micrographs of the corre-
sponding SINWs are shown. Inset 0., for d = 2 and 2000 nm and & = 220 and 1120 nm.

For illuminaticn with wavelengths smaller than
~ 360 nm, such as for ultraviolet light, the scattering ef-
ficiencies .., do not show a strong dependence on
the diameters of the SINWSs (cf. insets in Figure 4, Fig-
ure 5, and Figure 6). This is in line with the direct band
gap of 5.7 which resides at 3.4 eV (A = 365 nm). In con-
sequence of this, 5 has a very high extinction coeffi-
chent k below wavelengths smaller than — 360 nm (cf
Figure 1). This results in a mean free path of light in Si
of only a few nanometers for these wavelengths effec
tively suppressing resonant enhancement effects.

For wavelengths larger than — 400 nm;, Q... shows a
branched structure for both TE and TM polarization
The branches of high Q. are nearly straight lines in the
plotted (A, di-plane (cf, Figure 4, Figure 5, and Figure
). The slope of the branches is decreasing with increas-
ing diameters d and decreasing wavelengths b The
number of these branches for a given diameter d is in-
creasing with increasing dismeter d. This branched
structure accounts for effective scattering of only one
optically active SINW at different incident wavelengths
The occurrence of such a branched structure can be ex-
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Figure 5. Same scattering efficiencies Q. as in Figure 4 for TM polarized fight.
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Figure &, Same scattering efficlencles 0., as In Figure 4 for TE polarized light.
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Here i = n + [k is the already mentloned complex
refractive Index, J, is the Bessel functions of first kind of
arder |, and 4" is the Hanke| functions of first kind of or-
der i. The scattering efficiencies Q,., for perpendicular ii-
jumination £ = 90° are only dependent on terms like x
= d/w and xi. Since the complex refractive index A4 =
f + ik of silicon shows only a weak dependence on the
wavelength A for & = 500 nm (cf, Figure 1}, these terms
are nearly proportional to d/, Thus, the scattening effi-
ciencies Oy, are nearly constants for straight lines in the
(x, di-plane. The highest values for Q. (up to 901%)
can be found for TM polarized light in a branch defined
by the points d = 64 nm, A = 425 nm and d = 230
nm, & = 1100 nm. Another branch with high scatter-
ing efficlencles Q.. (up to 866%) for even thinner SINWs
is given by the points d = 16 nm, A = 370 nm and o

62 nm, A = J20 nm

.
Ds-:.l.ﬂ = ;
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Since these are very common diameters for
SINWs, 2 it is possible to use this knowledge to opti-
mize the growth of SINWSs using the particularly large
scattering efficiencies Q.., by contralling the SiNW di-
ameters. The assessment of the SINW diameters can be
carried out by determination of the colors of the SiNWs
in an optical microscope In dark-field configuration icf,
Figure 3). The scattered light analysis can, in principle,
be used for in situ monitoring of the SiNWs' diameters,
when they are Individually grewn in place in future de-
vices. This in situ control during the SINW growth can be
decisive for successfully producing SINW-based de-
vices since ex situ diameter control is normally associ-
ated with oxidation of the SiNWs, which can prevent
further epitaxy on the SINWs"" An In sitv control of the
dlameter could be necessary since not only the optical
properties but also the electrical properties of SINWs are
strongly dependent on the diameter,™ It alse provides
the option for a fast and low-cost ex situ diameter SiNW
contral to be used when implementing SINWS in fu
ture device concepts. This can even be double checked
by measuring the different scattering intensities for
the different polarizations. Encouraging for a further
use of this method is that the polarization dependence
af the scattering efficiencies has already successfully
been used with one wavelength (A = 1548 nm) to meas-
ure the displacement of SiNWs," The minima and
maxima of the scattering efficiencies Q,., can be a
knowledge that may be important to minimize or maxi-
mize the scattering of light for optical SINW-based
SENS0TS.

Absorption Efficenches for Perpendicular lllumination £ = 90°,
The absorption ethciendes O, are again a dimension-
less number and are about 1 order of magnitude lower
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Figure 7. Absorption efficiencies Q,,, for d = 2 and 2000 nm and A =
220 and 1120 nm for [a) nonpolarized Rght, [b) TM polarized light, and
() TE polarized light.

than the scattering efficiencies Q.. This s not surpris-
ing because Si is an indirect band gap semiconductor.
Mote that the color scale implies 0 to 1 for Qu, (Figure
7) and 0 to 10 for Q.. (Figure 4, Figure 5, and Figure &),

The results for the nonpolarized light (Figure 7a)
are in accordance with those published in ref 23. How-
ever, in ref 23, it is mentioned that nanowires with di-
ameters bigger than 100 nm do not show pronounced
polarization dependence. This is only in qualitative ac-
cordance with our calculations; that is, the branches
with high Q.. are more or less at the same position in
the (i, d)-plane for the different polarizations, but the
valies of 0, show strong polarization dependence for
all calculated diameters (of. Figure 7)

VOL. 4 = NO. 12 » BRONSTRUP ET Al

The absorption efficiencies Oy, show for & < 360
nm [cormesponding to the smallest direct band gap in
577 only a weak dependence on the diameter d. Here,
the direct band gap character of the Si with a high ex-
tinction coeffickent k is dominating. Even though for
larger wavelengths A, 5i is an indirect semiconductor,
high absorption effidencies Q,,, are possible because
of resonant enhancement effects occurring in the
SiNWs. These resonant enhancement effects are re-
stricted to certain wavelengths and diameters, build-
ing the basis for a complex branched structure, similar
to the structure of the scattering efficiencies Q.. shown
before.

A way 1o use SiNWWs as wavelength- and polarization-
sensitive photodetectors is as follows. Absorbed
photons can produce free carmiers in the SiNWs. Conse-
guently, the conductance of undoped SiINWSs rises pro-
portional to the absorbed anergy of light. Since SiNWs
absorh light very specific with respect to the wave-
length and polarization of incident light, the
photoresistance is as very specific to these properties
af the incident light. This method has been used for ger-
mianium NWs™" and very recently as well for SiNWs.™

By examining the structure of the branches of high
absorption efficiendes Q... we find that the slope of
the branches decraases for increasing diameters o and
decreasing wavelengths A, and these branches are
nearly straight lines. These findings are very similar to
what was found for the scattering effidencies Q... This
is not surpeising when looking at the formula for per-
pendicular ilfumination € = 90" for Q..

Quury = 5416, + 22 0] — Qe (7
B=1
Quen = 20, + 23 0] - Qe 8)

The terms X, bs. Bo Qo 3nd Oy, have the same
meaning as in eq 1—6. ® is only the real part taken,
and Q. ru and O, rw are the absorption efficiencies
for TM and TE polarized light, respectively. In the case
of petpendicular illumination £ = 90", the absorption ef-
ficiencies (s, are only dependent on the terms such
as O, Ule, x = du/k and xn). This gives analogy to the
arguments for Q. stralght lines in the (L, d)-plane for
the absorption efficiencies Oy, Since 5i is an indirect
semiconductor, small wavelengths A close enough to
the direct gap aré needed to obtain high absorption ef-
ficiencies Q... despite the resonant enhancement of-
fects. Note that for all 2 nm < d < 2000 nm calculated
examples, Qs = 100% is restricted to wavelengths A <
474 nm for TE pofarized light and A < 576 nm for TM
polarized light. For diameters d smaller than 20 nim and
ultraviodet light, the absorption efficiencies O, are
vary different for the different polarizations, For wave-
lengths between 230 nm < A < 1120 nm, O, is always
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smaller than 20% for TE polarized light, while it can
reach values larger than 440% for TM polarized lght
(Dl = 12 nm, A = 365 nm) = 449%). This opens
up the opportunity to bulld very efficient nanoscale 5i
technalogy based polarization detectors, For larger di-
ameters, the polarization depencence is about the op-
pasite: for diameters d larger than 160 nm, Q.. tends to
be higher for TE polarized light than for TM polarized
light icf. Figure 7b,.c). Furthermare, there is a general
trend to higher Q... for larger diameters o for wave-
lengths between 380 nm < & < 1120 nm for both po-
larizations. This is again due to the indirect character of
§i for these wavelengths, and it is critical for many ap-
tics applications such as solar cells, where the whaole so-
lar spectrum up to wavelengths comesponding to the
gap of the semiconductor (& = 1120 nm for 5i™) should
be absorbed

For applying SINWS in solar cell concepts, the fallow-
ing properties are important: For diameters d smalles
than 120 nm and wavelengths A larger than 700 nm,
Q. 15 always smaller than 7%. For even larger wave-
lengths (& = B850 nm), O, does not exeed a compa-
rable value Q.. < 7.2%) for diameters d up to 200 nm.
Although these values seem rather low, thiy can be sul-
fichent if many SINWSE are used to absorb the light. This
thought i supported by the fact that comparably large
absorption of thin layers of SINWS have already been e
ported.”

MNote that commonly used multicrystalline S waler
based solar cells have a thickness of a lew hundred
micrometers to absorb light from the entire solar spec-
trum sufficiently. Because of this thickness large charge,
carrier diffusion lengths are needed and, consequently,
very pure low defective and thus expensive 5i is
needed. The enhancement of light absorption of SiNWs
with respect to 5l thin films becomes even more obvi-
ous when they are directly compared, For infrared light
(A = B50 nm), a SINW with a diameter of 172 nm shows
an absorption efficiency Q. = 5.379% for nonpolarized
light. The absorption Abs,., ¢ of a 5i thin film with the
same thickness z = 172 nm, even with no reflection at
all, can be estimated following the Beer - Lambert law

AbSy 5 =

= 100%~¢
= 1.02% 9

100% =g =™

WTE vl med 0 40 A0 nimi

Here k is the extinction coafficient for A = 850 nm,
k{850 nm) = 4.05 = 10", The absorption effickency
Qasi = 5.37% of the SINW Is more than five times higher
than the absorption Absgus = 1.02% of the Si thin
film with a perfect antl-reflective coating.

Dependence of the Scattering Effidendies on the Angle of
Indident £, Since the angle of incidence £ [s not always
91, we will discuss how the optical properties are
changing when the angle of incidence £ is changed, Es-
pecially, if SINWS are grown on an amorphous sub-
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Figure B. Scattering efficiencies O, for a SINW with a diameter d =
40 nom and A = 320 and 1120 nm for different angles of illumination
£ for (a] nonpolarized light, (bl TM polarized ight, and (¢} TE polarized
light. Insets: same for & SINW with a diameter d = 400 nm.

strate like glass, they will be orlentated randomly and
all sorts of oblique orlentations with respect to the sub-
strate surface normal can occur. Consequently, the
angle of incidence £ will be randomly distributed.

A statistical approach based on the more simplified
Rayleigh-type model to calculate the reflectance of thin
films of S5iNWSs has been applied quite successfully by
Street and co-workers.' The calculations shown in this
paper can be used as a basls for more precise calcula-
tions of the optical properties of SINW thin films com-
posed of ensembles of randomly distributed SiNWs. For
the discussion of the dependence on the angle of inc
dence £ two typical examples are chosen

In the hrst example, 3 SINW with a diameter d = 40
nm I8 iluminated. For perpendicular llumination (E
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Figure 9. Absorption efficiencies Q... for a SINW with a diameter d =
40 am and A = X0 and 1120 nm for different angies of illumination £
fior [a) nonpaolarized light, (b] TM polarized light, and (c] TE polarized
light Insets: same for a SiNW with a diameter d = 400 nm.

907}, it can be seen that scattering efficiency Q,., does
not show a very strucutured dependence on the wave-
length A; that i, there is anly one branch in the (A, d)-
plane for TM polarized light (cf. Figure 5) and none for
TE polarized light («f. Figure 6}; however, for the TM po-
larization, the branch covers a large parnt of the visible
spectrum of light for perpendicular illumination (£ =
o07). This branch is getting much narrower for smaller
£ (cf. Figure 8bL. On the other hand, there is no such
branch in the (A, di-plane for TE polarized light for per-
pendicular illumination (£ = 907 In this case, O, i in-
creasing for decreasing £ for wavelengths & smaller
than 450 nm, upto Q_, = 21 for £ = 1" and A = 406

VOL. 4 » NO. 12 = BRONSTRUP ET AL

nm (cf. Figure 8c). Conclusively, it can be stated that
the gualitative properties do not change drastically if
the angle of incidence E is not altered too much. This
is encouraging for further engineering of devices using
SiNWs because it is not necessary to calibrate the angle
of incidence £ very precisely.

The second example uses the illumination of a SINW
with a diameter of d = 400 nm. In this case, there are
many branches in the (A, d}-plans for perpendicular illu-
mination (£ = 907) for both polarizations {cf insets in
Figure 5 and Figure 6). The branches change with £ in
different ways. For TE polarization, some branches bend
to smaller wavelengths A for smaller £ [cf inset in Fig-
ure Bc), while for the TM polarization, most branches do
not show such a behawvior [cf. inset in Figure Bb). In sam-
mary, this gives a rather complicated quantitative de-
pendence of Q.., on A and £ Again, it can be stated that
the qualitative optical properties such as light scatter-
ing do not change dramatically when the angle of indi-
dence £ s not altered 100 much. Since it is still a chal-
lenge to build devices based on SINWS, it is
encouraging that the angle of incidence £ is not very
critical, and thus engneenng of devices does not re-
quire intensive control of this parameter.

For bigger diameters (d = 400 nm)}, the depen-
dence of optical properties on the angle of incidence £
of incident light is qualitatively the same but in detail
even a bit more complex.

Dependence of the Absarption Efficiencies on the Angle of
inddent £. To discuss the dependence of the absorption
efficiendes O, on the angle of incidence £ the same
wo examples have been chosen that are used to dis-
cuss the dependence of Q.. on &

The first example is a SINW with a diameter of d =
40 nm. For perpendicular illumination (£ = 907, one
branch can be seen in the (A, d)-plane for both TM po-
larized light {cf. Figure 7b) and TE polarized light (cf. Fig-
ure 7cl. For TM polarized light, there is 2 broad branch
with Q. = 1 for nearly all angles of incidence £ for
wavelengths & between 300 and 400 nm (cf. Figure
8Dh). For TE polarized light, 0, tends 1o have bigger val-
ues for smaller angles of inddence £ for wavelengths &
smaller than 450 nm. For A = 450 nm, Q... is smaller
than 6% for all calculated angles of incidence £ (cf. Fig-
ure 9¢). As mentioned before, the gualitative course of
the absorption efficiencies is not very strongly depend-
ent on the angle of indidence £ The underdying phys
ics of this behavior is that these small SINWs act like
simple dipoles with respect to incident light™

For potential applications, this finding s advanta-
geous since not much attention has to be paid to fo-
cus light on the SiNWs and small angles of incidence are
sufficient so that it is possible to focus light on poten-
tial devices with cheap, small focal lengths lenses with-
out losing potential predesigned tuning to certain
wavelengths.
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SiNWs with a diameter d = 400 nm show many
branches in the (. d)-plane for perpendicular illumina-
tion (€ = 907 for both polarizations {cf Figure 7). The
branches show the trend that they become increasingly
narrow for smaller £ [cf. insets in Figure 9). In addition,
there are a few small branches starting at angles diffes-
ent from £ = 90F, This shows that for thicker SiNWs the
situation becomes more complicated and the angle of
illumination £ has a stronger influence and thus needs
to be more thoroughly considered when building

CONCLUSION

The scattering and absorption efficiencies of SiNWs
are caloutated using Mie theory depending on polariza-
tion as well as the angle of incidence of the lluminat-
ing light and the diameters of the SINW's. Quantitatively,

these efficiencies depend strongly on the polarization

METHODS

Preparation of Samples. The SiNWs are grown on 51 wafiers fol-
Iwing the vapor —liguid — solid mechanism (VL51.% The Siis sup-
plied by chemical vapor deposition (CVD) from a silane preour-
=0F i argon as the camier gas at & mixture of 1:1 and a total
pressures of 2.0 mbar. The ane-dimensional wire growth is cata-
hyzed by commestially available gold colloids {Brtish Biocell
Int. ). Thee use of gold colloids as catabysts for the SINW growth
has the potential to gain a certain control over the diameters of
the SINWG. " However, under different conditions during the VD
process, SINWs with mised diameters can ocour due To gold dif-
fusion * Since the sample is placed about 1 mm above the
heater, the absolute growth temperature on the wafer surface
Is unknown but could roughly be estimated to be arownd 500 "C
based on pyrometer and thermocouple measurements.

After the CFD SINW growth, the SINWs are removed from
the suthstrate by applying ultrasonic treatment for about 2 min
with the wmple resding in a small drop of Bopropyl alcobal m
a capsular, After the treatment, & SINW sopropy] sloohol suspen-
shon i formed that is pipetted on o glass sulstrate. After dining
of the suspension, dispersed, individual SINWS can be found by-
g with thilr long axis flat on the glass wibatrate (of, Frgure 20

Optical Messurements, The optical memurements se canred
out with a Axio Imager (Zeiss Microimaging. Gittingen, Ges-
many] optical microscope using as light source of @ tungsten
halogen lamp with a continuows spectrum with a color temper-

figuration, the direct light is blocked out and andy the scattered
light & patsad thiough a pinhole to 8 spectrometer. The pinhole
has a diameter of 100 pm and is coplanar to the real image
plane of the tube lens. A multimode fbed is uted o connect
the pinhole to 4 Acton Research SpectraPro 23000 microspec-
trometer (Princston instruments. Trenton, NI) with a grating with
150 limes and a pettier cooled CCD camera. With this setup, the
scattered Bght of individual SINWs & gathered. To obtain the
scattenng spectum of a SINW, the background from the glass
subistrate has to be remaved and the spectrism has to be noomal-
ized with respect to the illuminating light source, This s done us-
ing the following equation:

[ TR W 1o

where (hysre 15 the mtensiny of a NW, measured in dark-field

(DF) configuration, Kl Is the intensity of the badkground
(BG) of the sample without a NW, measured in dark-held config-

www. arsnano.org

of the incident light. The scattering efficiencies are gen-
erally higher for TM polarized light. The general trend
for the absorption efficiencies is more complex, For T™M
polarized light, the absorption efficiencies are only
higher than those for TE polarized light for SINWs with
diameters smaller than ~ 160 nm. For thicker SiNWSs, the
opposite holds true. The dependence of these cross
sections on the angle of incidence £ is not very pro-
nounced, Calculated dependencies of scattering and
absorption efficiencies very well coincide with experi-
mental findings of scattering of white fight in an opti-
cal micrascope, which results, depending on the diam-
eter of the SINW, in a differently colored appearance of
the 5iNWs. The combined experimental and theoreti-
cal study of optical properties of individual SiINWs re-
veals a huge potential of SINWSs to be used as sensitively
tunable building blocks in opto-electronic devices such
as sensors, solar cells, and photodetectors.

uration, and e 4 the interity of the light source, meas-
ured in bright-field (BF} configuration. Throughows this papes.
we only show the normalized KA )i Specta

Analytical Mie Caloulations. For the caloulation of efficencies,
O, ond O, wrting Mie thisory, the following assurmplions ane
made: The SiNWs are approximated by nfinitely long cylinders
with dismster & These cylindsrs ame assumed 1o be surrounded
by alr, which means that the sumounding medium is modeled as
being nonabsorbing assuming a refractive indexof n = 1. The
SiNw's themselves are assumed to be composed of pure, un-
doped silicon with the complex refractive index i = n + ik
kngwen for bulk sllicon a3 plotted in Figure 1, Here 0 is the real
part of the refractive indesx, k the extinction coefficient, and / the
imaginany nurnber. Values guiding ﬂtmhl’@mlﬁrﬂu
comiplex refractive index are taken from ref 24.

The parameters that are varied for the Mie calculations are
the diameter o of the SINW, the wavelength A, the potarizs-
ticn, and the angle of incidence £ (cf, inset in Figure 1) of the §-
lurminating light. In this paper, efficiencies J for diameters o
ranging from 2 to 2000 nm are calculated, For the smallest diam-
eters (d < 5 nml, guantum confmement effects are likely to oc-

cur* This of course changes the complex refractive index # of
the SiNWs and thus the scattering and absorption effidencies
Oy, and Gy, Our calculations do not account for quantum con-
finement effects. Therefore, calculations for SINWS with diam-
eters down to 5 rem can be done. However, the caloudated <ff-
dencies (J ford «< 5 nm SINWs based on the bulk refractive index
data can be used 1o assess the influence of quantum confine
ment on the optical properties of thewe very thin SNWs by com:
paring the measured values with the caloulated ones. Further-
miove, the calculated efficiencies () can be used a5 a first
approximation even for these very thin StNWs.

The angle of incidence £ is the angle between the long axis
of the SINW and the illuminating light. as schematically shown
in the indet of Fgure 1. The extreme cases ane () perpendiculan -
lumination, £ = 90, which means that the SiNWs are lying flat
on an anticpated support/substrate while light is shining on the
surface of this substrate perpendicularly, and (i) paraliel llumina-
tion, £ = 0, which means that the SiNWs are again lying on
that support while the light & incident parallel (o the SiNWs
long axes, The latter extreme case (§ = 07 cannot be calculated
in the framework of Mie theory because this case would imply
thiat the top: or buttom area of the SiINWs has 10 be considensd.
Since infinitely long SiNWs are assumed for the Mee calculations,
the top and bottom areas are not considerad and it & ot pos-
sible to caloulate the efficencies for £ = 0" exactly but only for
smiall angles of incidence £. In this paper, we restrict oursehies to
a minimum angle of £ = 1"
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The efficeencies of both absorption and scattering ane first
caleudated for TE and TM potarized light. The corresponding eff-
ciencies for nonpolarized light QL tan be clmiated by wer-
aging over the respective effickencies for TM and TE polarized
lighits Qrg and Oy
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Abstract

Electrical and optical properties of semiconducting nanowines (NWs) strongly depend on their
diameters. Therefore, a precise knowledge of their diameters is essential for any kind of device
integration. Here, we present an optical method based on dark field optical microscopy o casily
determing the diameters of individual NWs wath an accuracy of a féew nanometers and thus a
relative error of less than 109, The underlying physical principle of this method is that strong
Mic resonances dominate the optical scattering spectra of most semiconducting NWs and can
thus be exploited. The feasibility of this method is demonstrated using GaAs NWs but it should
be applicable 1o most types of semiconducting NWs as well. Dark field optical microscopy
shows thai even slight apering of the NWs, iLe. diameter variations of a few nanometers, can be
detected by a visible color chunge. Abrupt diameter changes of a few nanometers, as they occur
for example when growth conditions vary, can be determined as well. In addition a profound
analysis of the elastic scanering properties of individual GaAs NWe is presented theoretically
using Mie calculations as well as experimentally by dark field microscopy. This method has the
sdvantage that no vacuum technigue is needed, a fast and reliable analysis is possible based on

cheap standand hardwsire.

(Some figures in this article are in colour only in the electmonic version )

Introduction

The diameter of a semiconductor nanowire (NW) plays
an important role since it mfluences s optical [1-8) and
electrical [9-11] propenies substantinlly, Moneover, electrical
and optical properties of NWs are influenced by tapering due
o the shape change. Tapering in addition points toward
a change in dopant concentrations between top amd bottom
of the NWs |12}, Two competing doping mechanisms
exist: (i) dopant incorporation throogh the liguid catalysi
via the vapor-liquid-solid (VLS) [13] growth mechanism
and doping via the NW side walls via a vapor-solid (V5)
mechanizm [ 14, 12, 5], Following these arguments, a lapered

A T4484) LIRS0 «09533.00

NW geometry is related (o the VS doping mechanism that
results in an essentially underdoped NW core and a highly
doped NW shell [12]. To sssess the electrical and optical
properies of N'Ws for future device integration a cheap, easy
and reliable method is needed 1o determine the diameters and
tapering of individual NWs even in situ during growth,

Here, we present such a method based on the optical
analysis of the elastic scattering of light of individual NWs,
The light scattering of semiconducting NWs is defined by
strong Mie resonances, which are very semsitive o the
polarization and the wavelength of the illuminating light as
well as to the NW diameters. The dependence of scattering
on the latter permits an accurmte optical determination of N'W
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diameters with a resolution which is even hard 1o achieve with
a scanning electron microscope (SEM). e, in the <10 nm
range. In contrast w SEM and stomic force microscope
(AFM) based NW diameter determination, the advantage of
this approach is its fast (compared © an AFM) and reliable
performance and the Gt that no vacuum is required (s for the
SEM). Concerming the passive opticel properties of NWs. such
as elastic scaitering or absorption of light, papers have been
published for individual indirect semiconductor silicon |2, 8]
and germanium NWs [3]. Ensembles of direct semiconductor
NWs show that direct semiconductor NWs show strong Mie
resonances as well [4, 5. 'We rely on this fact when proving
the applicability of our optical method w0 determine nanoscale
NW dismeters of direct and indirect semiconduciors. We ke
GaAs NWs as an example. GaAs iwself is a wechnologically
importunt direct semiconductor for opioelectronic applications
and GaAs NW based light-emitting diodes have already been
realized |16] or even GaAs NW based solar cells |17, 18],
Therelore, a knowledge of the clastic scattenng of individual
GaAs NWs of different diameters and potential tapering might
be wseful for their integration in novel nanoscale optoclectronic
devices. To clanfy the underlying physics of the presented
optical method 10 determine nanoscale NW  diameter we
describe the analytical calculation of diameter dependent NW
scattering spectra. Momeover, both measured scattering spectr
of individual GaAs NWs as well as the results of the theoretical
Mie calculations will be shown, By comparing the optically
determined diameters of flatly lying GaAs NWs o AFM
measurements of their height, the nanoscale resolution of this
optical method and the feasibility 1o detect even very small
diameter changes (~ 10 nm) along the NW axis (as they oceur
during tapering or can intentionally and abruptly be included
by an abrupt change in growth parameters) is proven.

For both cases of diameter changes. abrupt or tapered, a
visualization by a change in color in an optical microscope is
possible which is based on shifts in the Mie resonances along
the long axis of the NWs. Though we resirict ourselves in
this paper 1o GaAs NWs, the described technigue to determine
NW diameters can easily be applied to different semiconductor
NWs as well,

1. Experiments

I.1. Basie principles of optical determination of NW
diameters

The underlying physical principle of the proposed optical
method 1o détermine the diameters of semiconducior NWs
relies on a sensitive change in resonant sciltering al nanoscale
virying diameters. Experimentally obtained scattering spectra
for individual NWs are compared 10 Mie calculated scatiering
efficiencies of N'Ws and fitting is used such that the diameters
of the NWs are adjustable fit parameters. Thus, it is possible 10
determine the NW diameters with nanoscale accuracy,

1.2, Mig calculations

To describe the passive clastic light scattering of individual
NWs with diameters smaller than the wavelength of the
tlluminating light the Maxwell equations have to be solved.

b

This can be done amalytically using the well known Mie
theory [19], Based on this theory the scattering efficiencies
Oy of these nunostructures can be calculated. These
scattering efficiencies @, are dependent on the polarization,
the wavelength &, and on the angle of incidence & (compare
with figure 2) of the illuminating light. Since it has been shown
thst the influence of the angle of incidence £ is rather weak [1]
we can limit the calcalations o illumination perpendicular to
the wires long axis & = 907, i.e. the NWs are lying flar on
the subsirate and are illuminaied direcily from above. Three
different polanzations of the incident light have heen analyred
regarding the suitability to determine the NW diameters. In
the first case, the light was linearly polarized with the electric
field vector lying parallel and the magnetic field vector lying
perpendicular to the NWs long axis (cf figure 2), ie the
so-called transversal magnetic (TM) polarzation [19).  In
the second case, the light was also linearly polarized but the
polarization was rotated by 90°, ie. the magnetic field vector
wns paraflel 1w the NWs" long axis while the electric field
vector was perpendicular to the NWs™ long axis, ie. the so-
called transversal electric (TE) polarization | 19] was applicd.
In the third case. the light was non-polarized. For the
calculations of the scatlenng efficiencies we assumed that
the NWs were well separated, that they were infinitely long
compared to the wavelength & and that they were sumrounded
by a non-absorbing medium with a refractive index equal 10
one (hke airh, The latter is only an approximation to the
spectra discussed in this paper since the NWs are lying on a
supporting glass substrute. It has been proven experimentally
for silicon and germaniom N'Ws that the approximation of
infinite length is justificd for NWs that have lengths of a few
microns |2, 3, 8], while the substrate has some effect on the
scattering of light by semiconducting NW's | 2], however, this
has not been considered in the calculations. Thus, it has been
speculated that small deviations of experimentally measured
scattering spectra of silicon NWs from caleulated scattering
cross sections occurred due to the influence of the substrate
that was not considered [8]. For the complex refractive index,
the balk values of the particular semiconduetor. in this work
GaAs [20], can be used. The same calculations can easily be
camied out for all kinds of NW materials simply by changing
o the particular complex refractive index. For the sake of
completeness we state the well known eqguations to calculate
the scatiering efficiencies (., of NWs for the special case of
perpendicalar illumination | 19]:

A i) () — 2 Gix) Jy(x0)
a =< - ' Ty
adi(ax)HY (x) = 2 (ax)H Vix)
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Figure 1. Schematic drawing of the experimental setup used o
mesure the scattering spectrs ol individual GaAs N'Ws, The image
of the NWs o (he glass substrate is magnified by the objective in thi
redl image plane. In this plane o pinhole with o digmeter of 10 gm
i psed 1o couple o spectromeer 10 the mmcroscope with o mulid mode
filver. We used an objective with o 500 magnification snd thas the
spatial resolution is about 100 um /50 = 2 pm. The microscope is
used in dark field configuration, so only seattered light is detected
pndd the intensity of the background signel § (3 g e from the boere
pluss substeate is very low,

a2

Qli'll TH =

-

W
[m.,s-‘ +2 E |¢.,|?} (6)
1=

Qs nim—pal = -Ij{o'u-u. ™+ Qea i) (7

Here it = n + ik is the complex refmctive index of the
respective NW material, 4 is the wavelength of the illuminating
light, J; wre the Bessel functions of first kind of order |
and H''' are the Hankel functions of first kind of order
o Quartn Cocnte and oy non-pa are the wavelength and
digmeter dependent scattering efficiencies for TM, TE and non-
polarized light, respectively,

1.3, Sample preparation

For experimental  measurements of the optical scaltering
behavior of individual NWs they wene dispersed on o glass
stbstmte, To remove the NWs from the growth substrite o
small piece of the growth substrate wis placed in o small
capsule flled with purified water and the NWs broke off that
substrate during sonication,  The water/NW suspension of
this capsule was pipetied on a specially pre-pattemed glass
support,  The patterning of the gliss support was used 1o
identify individual NWs in different experiments, After drying
of the suspension the NWs assumed a flat position on the glass
suppor.

L4, Seanering spectea of individual NWs measured with daek
Sieled optical microscopy and determination of thelr diametery

The seattering spectrn of individual N'Ws have been taken using
T™, TE and non-polarized light in an optical Axio Imager
microscope (C-Zeiss Microimaging, Giittingen, Germuny ) in
dark field configurition with a fiber coupled spectrometer. The
light source was a wingsten halogen lamp with a continuous
spectrum. with o color temperature of 3200 K. A linear
pelarizer has been instabled in & way that the NWs were
illuminated with polarized light, Only the scattered light wus

GaAs-NW light

TE g

GaAs-NW

Figure 2. Schemutic drawing of the GaAs NW and the incident light,
Left: schematic top view, the arows indicute the planes in which the
vectors of the electrc field are Iying for TM and TE polarized light,
Right: schematic side view, the angle of incidence £ 15 shown.

detected due to the dark lield configuration which blocks the
directly transmitted light,  This scattered light was passed
theough a pinhole and a mult mode fiber 10 an Acton Research
SpectraPro 23000 micro-spectrometer (Princeton Instruments,
Tremon, N1, USA) with o grating with 150 lines and a Peltier
cooled CCD camera. The pinhole was coplanar to the whe
lens of the optical microscope, e the pinhole was in the
magnified, real imuge plane, and had o diameter of 100 am
teompare with figure 1) With this setup the scattered light of
individual N'Ws was collected, These measured specirn were
proportional 1o the product of the intensity of the illuminating
lamp and the scatering efficiencies of the NWs, in addition
the supporting substrate wenkly seuttered the light as well, To
oblain scattering spectra proportional to the scuttering cross
sections of the NWs the spectra had 10 be normalized with
respect o the illeminating light and the bockground from the
gluss support hud to be removed:

ik dw or — 1 Uk bneor

“-;‘-immmlwd - ”“EH'!-H— i8)

Hidww pe 18 the intensity of o Gads NW, measured in
durk field (DF) configuration, §(A)Jpo.pe 15 the intensity of
the background (BG) of the gloss support withoot a NW,
mieasured in dork field configuration and A pope s the
intensity of the light source, mensured in bright field (BF)
conliguration,  Throughow this paper anly the normalized
spectrd M A normatizes Are shown.  All these quantities were
taken for all three polorizions which are discussed in this
paper: TM, TE and non-polarized light. The experimentally
obtained and normalized scattering spectrt J A somulipsd A€
proportional 1o the scattering efficiencies of individual NWs,
Therefore a fit to the culeulated scattering efficiencies (0, was
curried out:

l|lll:J'-]mlrmnlulh.l = "‘!-Qu'a (4

*A' i 2 scaling constant which is necessary because not the
otal seattering cross section has experimentally been mensured
but only the relutive dependence on the wavelength & of the
illuminating lght, In this work the fit was carried oul with
8 Levenberg-Margquardt solver [21]. To get a reasonable
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Figure X SEM image of the straight as-grown GaAs NWson il 1B
CinAs subwtrates (first sample, grown ot S CL The inset shaws o
oo imon the NW tips, here the gold cutelyst on top of each VLS
griowin MW is clearly visible

result the fit was carried out with differemt starming values,
Le. with differemt values for the diameters of the NWs and
the scaling constant A, The fit with the least square error
wity tomutically picked and the dismieter of the NW was
consequently extrocted as a parameter of that fit,

1.5, AFM height measurements on flady tving NWs that
provide the NW diometery

To prove the accuracy of the NW diameter detection of our
described optical method, NW diameters were also determined
with an AFM. The measurements were performed on the flaly
Iying NWs on the glass support after sonication oft the growth
substrate. 1t was sssumed that the heights of the lying NWs
are equal to their dinmeters. The error of these measurcments
can roughly be estimated to be around £3 nm malnly due
to the roughness of the gluss substrate and the resolution of
the used AFM setp, By use of markers on the pre-patterned
gliss substrute AFM measurements and optical measurcments
of identical NWs could be carried oul.

1.6, GaAs NW growth

For this study we used GaAs NWs grown by the vapor-liquid-
solid (VLS) [ 13]) mechanism on (1 1118 GaAs wafers, On these
walers the GaAs NWs grow struight and perpendicular to the
substrate surface. Non-intentionally doped NWs were realized
by metal-organic vapor-phase (IMOVPE) epitagy in an ADC00
radiofrequency (RF) system with o fully non-gaseous source
configuration, The NW growth is catalyzed by gold (Ao) dos

Figure 4. SEM images of the examined GuAs NWs, The scale bars
represent 100 nm for (o) and (h) amd 3 pm for (), () Top view of o
CiaAs NW cross section {first sample, grosn al 00 °C, see also
figur 3}, revealing a hexagonal shupe. (bl GoAas NW showing a
step-like change in the diameter, due o o change of the Ga Aow
during growth (second sample, grown at 400°C), ic) GaAs NW
showing tupering (third sumple, grown o 450°C): the diameter ol the
hottom is larger than st the tip.

that form upon annealing of 4 thin, evaporated Au loyer of
nominally 2.5 nm thickness. The annecaling step was earried
ot at 300 °C for 3 min under As overpressure and resulted in
i high density of gold dots with distributed diameters ranging
from 30 nm to some 100 nm. GaAs N'Ws were grown at a
todal pressure of 50 mbar, using trimethylgallium (TMGa) and
tertinrybutylarsine (TBAs) as liguid precursors wilth a constianl
VI ratio of 2.5, The wtal gas fow of 34 I min™" wis
provided by N: as carrier gas, while Ha was used for the
bubblers, Growth was mitiated a0 450°C for 3 min followedd
by a final growth temperature of 400 °C, (o obusin untapered
wires (compare with figure 3. After 20 min of growth the
GoAs NWs were aboot 13 gm long at diameters between 30
and a few 100 nm {compare with inset in fgure 3). A cross
sectional cot through a NW as shown in figure 4(a), reveals
thieir faceted and hexagonal shape.

A second sample was grown with GaAs NWs that showed
a small and abrupt diameter change along the N'W growth
axis due 1o a change in growth conditions (Cchanging the gus
composition, i.e. the V /I ratio, during the MOVPE process),
The initial GaAs NW segment wos grown for 200 min with
similar parimeters w8 those Tor the first sample. The second
part wos grown for 25 min with a decreased Ga flow leading 1o
a doubled ¥ /111 ratio of 5.0 and hence o smaller diameter of the
seed particle and upper NW segment, respectively (compare
with figure 4(b)), The overall length of these GaAs NWs wus
about 23 pm,



6 Thesis Publikationen

48

Manotechnology 220200 1) 385201

O Bainsirup of al

500

Lo T w
[Lwu) sejeLue)p

-r,-,.
% B

‘|

i [nm]

600 700

Figure 5, Optical scattering properties of GaAs NW's for TM polarized light. In the lefi column pactures of individual GaAs NWs, mken with
un optical microscope in dark ficld configuration, are shown. The calontsted scattering efficiencies (0., (red lines) and scaled measurcd
spectra (hlack fines) are plotied in the middle column. The diameters used to caloulaie the scatienng efficiencies (1., ane stated. They were
obtained friom the fits of the optical spectra. For diameters smaller than 90 nm the spectra mken with TM polarized light have been used to
optically determine the diameters and for diameters larger than 90 nm the spectra taken with TE polarized light have been ased for this
purpose, On the v-axis the wavelength A of the illeominating light is given in nanometers. The karge plod on the nghit shows color coded
culcaluted scanenng efficiencies ., Tor non-polanzed Lght at normal mcidence (8 = 90°) for = |2 nm, 300 nm)] and

A = |450 pm, T30 nm|. The solid back lines indicate the positions of the measured spectra. The color scale on the right side shows the

scattering efficiencies (...

The third sample was synthesized using gold particles with
diameters of 50 and 100 nm from a colloidal solution. which
leads mto a dmstically decrcased WW density.  Morcover,
the growth temperature was increased o 450°C.  In this
case the NW diameters are larger at their re-entrant comer to
the substrate compared 0 thewr tips (tapering) (compare with
figure 4ic)) |22]. an effect ascnbed to a Kinetically enhanced
growth rate of the material along the NW sidewalls [23],

2. Results and discussion

2.1, Calcwlated scattering efficiencies using Mie theory

The calculmed scanering efficiencies exlibit a  strong
dependence on the diameter of the NW s and on the wavelength
A und the polanzation of the lluminatng light (compane
with figures 5=7) as already reported for different indirect
semicondocting NWs |2, 3, 8]. On the one hand this strong
dependence of the light scattering on the diameter 1s the
physical basis for the optical determination of NW diameters,
On the other hand it also shows the potential o wne the
light scantering of GaAs NWs o cenain wavelengths. The
scattering efficiencies for TE polarized light are in general
lower than those for TM polanzed light (compare with right
colomns of figures 5 and 6). This is not a special case for
GaAs NWs but a common behavior of many semiconducting
NWs [2. 4. 5, 8]. There are certain branches of high scattering
efficiencies visihle in the (A, d }-plane. These branches are the

so-called Mie resonances which are also a common feature of

the scattering propemies of many seoconducting NWs. Their
positions in the (4, d J-plane have been quantitatively reported

for sihicon NWs [8]. For GaAas NWs the first of these branches
begins at diameters as small as 20 nm (compare with figure 5),
Le. for GaAs N'Ws that are shightly thicker than those showing
guanium confinement effects (QCEs) [24]. Funhermore, the
wavelength sensitive light scattering of GaAs NWs oocurs
not enly for wavelengths comesponding to photon energies
smaller than the energy of the direct band gap of GaAs, i.c. at
wavelengths larger than ~870 nm (not shown) but also for
wavelengths down to ~450 nm (compare with hgures 5-7).
This is differemt compared to e.g. silicon NWs [2], which only
show wavelength sensitive hght scattering  for wavelengths
larger than ~360 nm [B]. corresponding to the smallest direct
gap of sihcon (see e.g. [23]).

2.2, Experimenial scattering spectra and optical
dietermingation of NW diameters

The scattering spectra of untapered NWs (of figure 3) wene
analyzed as described above by fitting the measured optical
spectra to the scaled scatering efficiencies of individual GuAs
NWs using equation (9). To control the results of the optically
obtwined diameters they have alwo been determined with an
AFM by measuring the heights of the flatly lying NWs on
glass supports (see section 1.5, For diameters larger than
=90 nm the fis for the TE polarization have been much
better than those for the TM polanization. The deviations from
the theory are probably due to the supporting glass substrate,
which was nol considered in the calculations. 1t has already
been shown for silicon NWs, that different substrates can lead
1o different scatierning behavior and thus 1o different colors [2].
An explanation for the lower disturbance by the glass substrate
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Figure 7. Analogue values ane plotted as in figure 5 for non-polarized light

of the scattering efficiencies for TE polarized light could be a
disproportionately high increase of the effects of the substrate
with the scattering efficiencies of the N'Ws.

For the analveed GoAs NW with o dinmeter less than
~O0 nm it was fotl possible 10 use the scattening spectra taken
with TE polarized light because the scattering efficiencies
are close o zero and do not show any pronounced stracture
icompare with right column of figure 6). However, for this
CiaAs NW, the diameter could be oprically determined from
specira taken with TM polarized light. The diameters obtained
from the fits of the optical spectrn are listed in table [
Only the diameters obtained with the appropriate polarization
are shown, e, TM polarization for o 00 nm and TE
polanzation for o 00 nm. For the other polarizations
these diameters were tuken 1o caleulote the comesponding
scattering efficiencies and are only shown for comparison

4]

Tahle 1, Diameters of the CaAs NWs, The oprically desermined
dhiameters are printed b the frst row, the diameters of the same MWk
obtained by AFM height measurements are printed in the second row,
I the third row are the phsolute differences of both messurements,

Crpr. (i) g6 102 138 155 B3 205
AFM (mm) B3 106 136 167 194 220
| & (nm ) 3 4 L3 12 (B 13

(middle columns of Agures 5=7) The diameters obtaingd by
fitting to the optical spectra were typicully a few nanometers
smaller than those measured with an AFM (compare with
table 1). This is comprehensible, since the GaAs NWs ure
wrupped in a thin oxide lover [26] that adds 1o the measured
NW herghis/diameters. In addinon, the surface of the substrate
that was used as o support for the Hatly [ying NWs had a
ronghness of o few nanometers and the geometry of the GaAs
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re 8 GaAs NWs with step () the highest poant per column as measured swith an AFM (the evaluated area s shoswn in (<))

(b Mormalized optical scatiering spectra tmken with TE polarized light and fits of hoth sides of the step. (¢) Picture of AFM measurement, the
sguare indicaies the srea used o evalume the height of the step: highest values of each column are shown inda), {d) Optical dark fiekd
micrograph of the same NW taken with non-polanzed light, the piciore is shown with artihcially enhanced contrast

NWs is not precisely a mound eylinder but o slightly faceted
eylinder with o hexagonal base (compare with figure 4(u)),
Monetheless it is actually possible 1o opucally determing the
digmeters of GaAs NWs with o relative error of less than 105
wsing the presented optical method

For further analyses of the sensitivity of our oplical
method, o small, abrupt diameter change was induced during
growth by changing the growth condiions.  The resulting
dinmeter chonge in the middle of the GoAs NWs was
optically determined by a change in color in the dark field
opptical micrograph and measured with an AFM (compare with
figures 4(b) and Bk In the latter case speciul attention has
been paid o the measurement of the setual digmeter change
To reduce the error of the AFM measurements the dinmeter
change was determined by owo types of measurements:
(i) measuring the NW diameters at both ends of the N'Ws tha
had seen different growth conditions and (1) scanning the AFM
tip wlong the NW long axis thereby directly measuning over the
abrupt diameter change
i step of (5,6 £0,6) nm (a5 emmor one standard deviation is
given), Assuming cyvlindrical symmetry, os indicated by SEM
studies of the same sumple (compare with fgure 4(b)), this
height difference is equal to the change in NW radius, Thus,
the resulting diameter change is 2(3, 60, 60 nm= (11, 2 4
1, 2) nm
wiould indicate o relative ervor of aboul

The latter measurement resulted in

Orprically, we determined o value of 9 nm which
=205, However, since
the error of our AFM meassurement i3 in the same order of
magnitude, this is only a rough estimation and the emor could
be even much smaller,

d

I'he combination of measured spectra and analytical Mie
ealeulations can not only be used o determine the dinmeters ol
the N'Wa but also o easily explain the different colors as visible
The different colors of NWs

with different dinmeters are explained with their wavelength

in dark fiell optical microscopy

and polorization dependent scattering behavior (as shown in
the left columns of figures 5-7). This polanzabon dependence
of the colors is especially pronounced for the GaAs NW with
i divmeter of ~ 100 mm,
blue (when illuminated with TM polarized light, comparne with
figure 5) o orange (when illominated with TE polarized light.
compare with figure 6},

This NW chunges its color from

2.8, Tapered NWs

All coleulations regarding the optcal propertics of the NWs
in this paper are based on the assumption that the NWs
have o perfect ovlindrical geometry, However, semiconductors
NW VLS prowth is, depending on the growth parameters,
more or less supenmposed by VS growth on the NW side
focets which results in a tapered geometry, herefore, we
also tried w0 apply the desenibed method o tpered GaAs
NWs,
the scattering speetra significantly {(compare with figures 5
T, B(d)) it is reasonable to assume that even a small topering

Since already diameter changes of o few nm affect

of the N'Ws can be identified by a continuous color change
For an experimental proof, tapered Gass NWs have been
grovwn (figure 4(c)) and pot on o glass sapport for optical
microscopy, like the untapered NWs. In figure 9 such a tapered
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Figure 9, Topered Gads NW. Fust row: experimentally obtaimed normalized wnd scaled scattening spectra tnken with TM polanzed lighi

(Mack) und the respective fimed vabies of the scamering efficiencies ¢

{red) and their dependence on the wavelength A. Second row! optical

micrograph of the wpered GaAs NW taken in dork field configumton with non-polanzed light, The locatioens where the spectra are aken are
mdirked by red circles. The scale bar represents 4 m. Thired row; the diimeters at the morked locations are displayed ay obtained with an
AFM (red) and by the fit of the scanering specera (blick ) taken with TM podarized light, For the Gits of the oplical spectra, ideal cylindrical

geonmeiry of the NW has been assumed, us a first Approximation,

NW is displayed along with the scattering spectra and height
mensurements performed with an AFM, The GaAs NW s
shown as viewed in dark field configuration with an optical
microscope, revealing different colors nlong its growth axis,
which can be attributed 1o o change in the spectral dependence
of the scatering efficiency from one end 1o the other, Hence,
an optical microscope can provide evidence of shightly tapered
MWs. Moreover, we tricd to measure the diameter change
alomg the tapered NWs using the proposed optical method,
The red circles in figure 9 indicate locations where scattering
spectrs were experimentally taken, In this case it was only
possible w obtan fessonable resulis using TM polanzed hight.
The corresponding digmeter values, obtained by fitting of these
spectra are i pood agreement with the AFM values, though
they are in general ~5 nm higher, This means again a relative
error of less than 10%. [t has to be stressed that we hove
assumed a perfect cylindrical and unmpered MW geometry for
catr calculations. Thus, it can only be considered ds @ rough
approximation of the real peometry, which might cause the
ohserved deviations, Nevertheless, in this case the proposed
method was suitable o approsimate the diameter and tupering
of the GaAs NW (using TM polurized light)

A Conclusion

A scalable method w optically determine NW diameters
based on their scattering spectra has been presented and its

Since the
underlying physics of this method are the Mie resonances,

applicability has been shown for GaAs NWs,

which are a common feature of most sermconducting NWs
for the wavelengths of visible light, it is not only looted o
CinAs NWs but is on the contrary a technigue that can be used
In particular,
spectrn tnken with linear TE polarized light have been proven

flexibly for o great variety of N'W materials,
o aecount for NW diameters with less than 10% relative emor,
Muoreover, the described optical method is even sensitive 1o
abrupt dismeter chunges of only =10 nm along the NW growth
nxis, Furthermore, it has been shown thin slighily tapered N'Ws
can easily be distinguished from antapered, cyvlindrical NWs
with stamdard opricul microscopy by their continuous color
changes, Beyond this method the wavelength and polarization
dependence of the scattering spectra of Gads NWs have been
discussed and the colors of individunl GaAs NWs as visible in
dark field microscopy have been explained,
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1. ABSTRACT

The construction with biomolecules and their manipulation represent a key step for developing new ministurized
structures. Such micro or nanometer systems promise a variety of novel features, Diclectrophoresis (DEP) is-a powerful ool
fur trapping and arenting individual molecules in microelectrode armngements. and was demonsirated (o be gpplicable w
DNA. This relatively rigid biomolecule could (after defined immobilization) oct as template for further modifications and
functionalizations, &g, metallization. Parameters of the DEP process were mlepted o the given electrode lavout und for
trapping a few or even a single DNA strand, Characterization with atomic force microscopy (AFM ) extends the standand
method of Muorescence imaging by resolving the resulting structures with single molecule resolution.

L INTRODUCTION

The fabrication of novel miniatunzed, functional structures for applications in micro electronic, computing or
detection and hiosensing are a key goal of modern nanotechnology. The realization of nanostructures using hiclogical or
biomimetic stritegies i one possible approach with o huge potentiol regardimg mimiaturizaton and sell-ossembly. Promising
new hybrid stroctures (containing e.g. nanoscale metal or magnetic stuctures) combine the desired functionaline with
molecular-scale units and offer novel electric or magnetic features with the prospect of smaller and faster circuits.
Advaniuges are also smuller sumple volumes and reduced costs,

Biomolecules like DNA, enzyvmes or antibodies are in the nm range and exhibit interesting propenies regarding manipulation
and construction. The capability to sell assemble into highly ordered structures is one of their decisive features (1,2).

So, i is possible to use them as building blocks for bottom up architeciores together with nanoparticles or nanowiresf-obes
{3-5}1. Such hybrid systems of nanoparticles and biomateriols provide new dimensions in the mpidly growing research field of
bioelectronics and nano photonics.

A conirolled handling of single molecules is essential for the fabncation and the investigation of highly defined devices hased
on molecules. Especially linearly stretched DINA s quite suitable for the demonstration of different applications that contain
structures with nanometer addressability such as moleculur electronics, real-time PCR, or single molecule sequencing.

There is a variety of approaches nimed ot stretching and afigning of individual DNA molecales. Most of them utilize the
hydrutvnamic flow, e.g, moleculor combing (6-3), Optical tweezers (9) and magnetic felds (10) are also suitable for such
approaches, s well as scanning force microscopy methods,

These methods ure usually developed for well-defined tesks and work well in the gives environment. But problems of
reprosducibility, accommadation to different technical surmoundings and, in particular, of addressing only a few or even single
molecules simuluneously are still remaining.

In order to align DNA and beside the use of an external flow, diclectrophoresis represents another interesting approach with a
high potential for the defined molecular mankpuolation (1), It allows the separation of cells, nanoparticles and DNA as well
as their manipulation in un electrical environment. It uses the fact that o polorizable particle exhibit dislectrophoretic sctivity
in the presence of an altermating electric field,

The induced dipole can cause electrokinetic effects like rotiion, deformation and onentation. In a spatially inhomogensous
feld, DEP leads to the Interal movement towants the highest freld strength. The force does ool reguire the parmcles w be
charged and depends on the medium, the polarizability, shape and size of the ohjects as well as on the frequency and the
electric field gradient (11,12},
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Washiru and coworkers were the first 10 demonstrate 3 DEP method o stretch DNA along field fines and positioned it onto
clectrode edges (13). They described two cffects, the diclectrophoretic atraction wwands the elecirode gaps and the
clectrostaiic orientation of the DNA. So in ongoing studics it was possible to determine both DNA size disinbuiion and
activities of auclease by measuring the appanent length of stretched DNA in the micrometer range. Therefore, they used a
fickd of 1310" Vim and a frequency of about | MHz between aluminium microclectrodes (14),

Application of siatic as well as oscillating fields make ¥ possible t0 move the trapped DNA strands from one edge of a gold
fillm te the other ( 15). This & guite wseful for the manipulaton of small quantities or molecules in microdevices.

The design of the clectrodes (especially the shape) is of key importance for a defined DEP. The influence of the electrode
shape on the precision of positioning DNA molecules was demonsirated (16). The prevalent electrode maienial is gold,
microstructured on glass or silicon substrates. Quadnipole electrode geometries were investigated with gaps mnging from 3
to 1M micrometer, in order 1o trap DNA and proteins could be trapped and their electnical resistance could be measured (17).

This paper describes the trapping of lambda DNA by DEP with rwo different electmode layouts. Thereby parameters (DINA
conceniration, Ame, lemperaiure, voltage and fregquency) could be optimized semi empirical using i ine and real time
Muorescence magng donng the tapping process by vary one of these parameters.

Beside standard fluorcscence imaging. it was importani fo charactenize the gaps with high resolution techniques like stomic
force microscopy for a detailed view of the structure and the amount of the collected DNA. AFM allows for molecular
resolution without the need for sample metalieation, snd i therefore a valusble tool for detaled charsctenization bevend
optical resolution.

The mtention is o afizn single DNA somds over a given electrode zap n onder to provide a scaffold for sobseguent deps
such 2= nanoparticle binding andfor metallization for potential spplications in nanociecimonics and biosensing.

3. MATERIALS AND METHODS

Dielectrophoresis experiments were perfomed on microstractored chips with a size of 12.8 x 12.8 mm. The gold
electrodes of 100 nm thickness were prepared on silicon oxide substrates by spottering and standard photolithographic hifi-off

processes,
The designs of the 10-micromeier-gap-chip (2 42 elecinade gap amay ) and on the 2-micrometer-gap-chip (a 4 elecimde gap
array | are shown in figure 1. The microstructared chips wene cleaned with acetone. water and ethanol for 10 min each and
dricd in a N; stream; 2 plasma cleaning step with 30 W for 10 min followed. No additionally adhesions layer for DNA
immobahization was used.

The most commonly used DNA species for single molecule manipulations is linesrized lsmbds phage DNA (lambda DNA)
which iz double-stranded. This macremolecule has a size of 48500 base pairs with a contour length of 16.5 micromeser when
fully streiched. Bt combines a sufficient length with easy access due 1o ity commercial avalabihity and the ¥
fiterature about iis biophysical properties. Another imvestigsied [N A species 1s single-stranded M13 DNA (18).

The lambada DNA sinck solution (300 s/ micoo lier; Fermentas, 51 Leon-Rot, Germany ) was dilmed wo working solutions of
002 nef micro Bter or U004 ngfmicro Iiter respectivedy.

In order to monitor DNA movement 2= well as conformation, DNA can be stained with intercalating dyves fike YOYO™,
TEFI'D“',DAI’I::nﬁmmﬁhﬂgﬂ&ﬂﬂﬂﬁﬁnﬁﬂh:&aﬁ:dﬁm&wummm
fiuorescence dyve YOYO-1 (MoBiTec, Goitingen, Germany ). The chips were covered with nearfy 200 micro liter of the
working solution without wemming the contact pads. The voltage was applied with a frequency generator Agilemt 33204
(Azilent. Boblingen. Germany ) in the mnge of 0.5 W up o 10 V. The used frequencies were betwern | kHr and | MBHz for 1
o 20 min.

Fluorescence imaging was condocted using an Axiotech microscope (Carl Zeiss, Jena, Germany ). equipped with a Sensicam
CCD camera (PCO Computer Optics. Kehlhetm, Germany ) or an Axiolmager Alm microscope with Axwo Cam MRcoS (Carl
Zeiss, Jena, Germany ). All experniments were performed with an immersion objective under liguid phase conditions and moom
temperature. Single images or a servies of images were taken during the experiments or af the end of the experiment. High-
resolution topographic images wene obtained in tapping mode with the scanning force microscope NanoScopelll using 3
Dimension 3 100 measurement hesd (Digital Instruments. Santa Barbara, CA ) and scanning electron microscope (SEM) Joel
ISM 6700 {Jocl Europe, Zaventem, Belgium).
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Figure 1. Light microscope images of the twa different chip layouts used in the experiments: A) 1(-micrometer-gap-chip
with 42 electrode paps and B) 2-micrometer-gap-chip, with amangements of 4 smaller pered electrde gaps. The SEM
images show detailed views of one 11 micrometer clectnude gap 1Oy amd 2 mcrometer clectmule gap ()

4. RESULTS AND IMSCUSSION

First experiments were conducted to detormine optimal conditions for diclectrophoretic trapping of lambsda DNA in
microclectrode gaps. As shown in figure 2, initial results exhibil the problem of the “all-or-none efffect”™; the yield of the DNA
in the gaps differs considerably. A voliage of 6 V is collecting only a few, not stretched strands at the elecirode edge (figure
2AL On the other hand, voltages of 8 ¥V or higher cause an assembly of thick bundles and also lead to trapping of impurities
(figure 2B and C). The shape of the DNA material in figure 2B is probably due 10 drying effects, of the pinned DNA on the
clectrodes, after the DEP process and before imaging with the fluorescence microscope. The control of the irapping process
was alo given by the v sini real timie Nuorescence imaging dunng the process, where such & dhape could not be observed
Funther imvestigation reganding this problem are still ongoing and seem o confirm this.

azv
aav
Figure 1. AFM images of the 10 micrometer gaps after applying difTerent voltages with a frequency of 100 kHz. The insets

show the comesponding Muorescence images, A )GV no fully stretched DNA is bridging the gap. B) BV a bulk of DNA
fibers is bridging the gap. C) 10V: beside a couple of DNA struciures, imparitics ane trapped in the electrode gap
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Afer this unsatisfied resulis a set of different froquencics as well a= voliage senes (data not shown ) were otilized. The effect
of the applied frequency is given in figare 3. At a low frequency of 10 kHz an alignment of DNA strands on the clectrode
cdges in the gap is visible (figure 3A], bot no molecule is actually brdging the gap. At a frequency of 100 kHz the DNA was
both collected a1 the adpges and stretiched over the gap (figure 3B A tremendeous amount of DNA between the electrodes
results from high freguencics like 1| MHz as shown in figure 3C. A bright spol of stained molecules is covering the entire
clectrode gap

Studies ising the 2-micrometler-gap lavoul conlirm and extend these resills. Al a reguency of 10 kHz an absnment of DNA
strands along the clectrode wires is clearly visible and the gap remains empty (figore 3D However. a1 (0 kHz DNA bundles
are focused in the clectnade gap and only a few molecules are anached  the electrode ootside the gap (figone 3E)

These results are in agreement with investigations of Namasivayam (19) and Asbory (15). 1t s supposed that different
regions of the inhomogensous counterion cloud (that serrounds the negatively charged backbone of the DNA) contribute in
polarization of a DNA strund. For trapping DNA n electnode gaps, 100 KHz proved 1o be the optimum freqoency. It is als
visible that the shape of the smaller 2-micrometer-gap armangement is more suiiable for DNA trapping applications. The
incieased fNield gradient &t the Gp of such a lapered electimode seems 1o entuince the sccuracy of the positioning of single
strands w0 all further experiments were done with this lavout

Figure 3. Fluorescence imazes of trapped DNA m the 10 micrometer gap armangement obtained by frequencies of: A) 10
kHz. B) 100 kHz, C) 1 MHz D)) 2 micrometer gap chip with DNA along the cloctrode strucres by a frequency of 10 kHz
E) DNA trapped in the gap by a frequency of 100 kHz

For applications in the field of nano stucormg and nano wires, single DNA molecules or thin bundles are prefermed in the
electrode gaps. Further experiments were aiming af this tarpel. Therefore the gaps wene more precisely characterized with an
stomic force microscope. In order to detect even single DNA molecules between the clectrodes. DEP parameters from the
first experiments were laken and adjosted o wne o single DNA molecule irapping. Figure 4 shows a chip where voltages
from 1 to 4 V were applied 1o four different gaps. A fmaguency of 100 kHz was talien 25 an oplimum from previous
cxpenments because higher frequencics yicld an undesired excess of DNA molecules n the gap

A detailed look al the gaps with the AFM exposes the single strands or bundles badgmg the gap from the tp of the
electrodes. It points out that with higher voltages mome DNA s trapped 2nd an assembly to bundles become apparent. In the
gap at which 1V was appliad single DNA strands or very thin bundies of a few DNA molecules could be found. At higher
voltages the bundles become thicker especully from the tip of ihe electrode towards the gap. It & assumed that the DNA has
contact with one end to the electmde and is pinmed down there. Outgoing from this point the INA is spanning the gap. A
terminal inding of DNA strands with a high affinity © gold electrodes is known (20,2 1) Such binding can be enforcad with
an sdddinonal thiol group at the DNA strand end (19).
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Figure 4. A) Overview of 4 clectrode gaps taken with Nuorescence microscope. Increasing voltages in 1V steps were applicd
top down. B-E) detail images of the gaps taken with AFM

A further decremse of the applicd voliage was camicd out 1o reduce the amount of DNA molecules in the gap. It ums oot that
the concentration of DNA in the applied solution (0002 ngf micro liter) appears o be too low in onder 1o align molecales
between the clectnades in the given time of 10 min. A satisfying resuli could be achieved by applying ithe elecine ficld for 20
min (figure 5). 50, two thin bandles as well as single molecules could be found
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Figure § AFM images of A an mp-t'_!. gop ai o voltage of 0.8 WV for 10 min. B) Two individual DNA structures spanned over
the gap after applving o voliage for 20 min,

We conclude that DEF is o useful wool for spatial manipolation of DNA in micrometer sized electrode gaps.

The combination of different imaging techniques like online ir sitg Muorescence imaging and atomic force microsoopy
allows the charsclerization and optimization of the DNA trapping process. Especially the investigation of clectrode gaps with
AFM after diclectrophonetic positioning and stretching steps may improve the optimization progesses regarding single
molecule manipulation. So single DN A strands can be resolved on microstruciured subsirates. Thus, DEP parameters denved
from first experiments could be futher defined. It is important o understand that such optimized DEP conditions are valid
for @ given parameter group, The intersction of focusing the electrical field, attained by increasing the fregquency, enhanced
field intenwity, by rising the applied voliage and field radius, given by the DNA concentration resulis in a defimed DNA
structure, bridging the electrode gap

Hier relativieren, dass e« nur gliltig bei einen bestimmten Parameterkomplex, Zusammenspiel. FokussiemngsefTieki
(Frequenz), Erbihung der Feldintensitiin (U7), Radios { Konrentration), definienter Briicke? (Zeit und medrigere Spannung’),
Temperatur und Abstand immer gleich. So optimum ermeich — eine Molekill schisn klar als Brilcke, ohne Elektmolyse Effekt
und pipapo.

The tradeol! between efficiency and acouracy could be overcome with a frequency of 100 kHz and a voltage of 0.5 V for the
given parameter group. So, it is possible fo attach and streich DNA strands nearly (rom ihe one electrode o the other. Higher
valtages induce extended Geld imtensities and mudii. An increased sction radios influenced neighbor electrode gaps. This leads
1o additional amounts of DNA in the gap, Higher frequencies lead 1o better focusing effects (rudii) during the trapping and
also to defined DNA structures, like single molecule bridging the gap. This effect has alsa been observed by Teukkanen (22)
The advantage of lower frequencies is the possible application of higher voltages and thenewith briefer trapping times {19,
but for our condithons it lead 1o unspecific sccomulation of residues and thick DNA bundles. So that for single molecule
applications low concentrated DNA solutions, relatively low voltage and longer trapping times (20 min) are prefemed

The difference in gap widih also plays an enormous male on DEP experiments. The advantage of clectrodes with a defined
geometry could be shown und has been described in ibe literature ax well (sinusoidal (233, trapesoidal (24) or triangular (1635,
The change o the 2-micrometer-gap-chip with smaller electrode gaps led 1o betier resalts conceming the localization of the
DNA strands. An important point was the use of AFM that could resolve individual DNA stroctures and thereby clanily the
local molecular arungement. The presented work demonstrates the seccessful utiliztion of DEP for single-molecular
manipulation, thereby apening the way wowanls single molecule DNA constructs for fuiure application in nanoelectnamics or
hiosensonics,
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Here we present the ubilization of gokd nanoparticle (AuNP) chains assembled between two electrodes
using an AC electrical feld as a potential nanosensor for molecular detection. We describe an easy way
to assemble, monitor and characterize the resulting nanoparticle chains electrically. Furthermore, paral-
lelizability and sensing ability of the assembled structures will be addressed. The assembled pearl-chain
like structures have the potential to recognize binding events of small molecules with DC current. Bound

molecules influencing the charge transfer along the particle chain and therefore generate a signal that can

be read electrically, We demonstrate that the produced AuNP-chains can be used for melecular sensing,

;’:ﬂrﬁ' santbch by measuring the resistances changes doe to the interaction with thiols, which are known to bind strongly
ietect rphoresis o gold, The resulting signal was monitored in end-point as well as real-time medsurements.
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Binanalytics
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1. Introduction range [4-12]. These nanoparticle assemblies are clearly dis-

Moble metal nanoparticles have been addressed as potential key
elements in biosensors over many years | 1]. Films of densely packed
noble metal nanoparticles stabilized by thin layers of organic
molecules respond with a significant mcrease of their electrical
resistance when exposed to certain organic vapors. This effect
depends on the species of organic compound as well as the alkyl
chain length of the usually utilized stabilization layer molecule [2].
Such colloidal metal-insulator-metal ensemble [MIME) sensors
were introduced more than a decade ago [3], and include usually
an at least micrometer-sized area covered by nanoparticles. A fur-
ther shrinkage of these arrangements from 20 to 1D case would
allow for a better separation of the various possible conduction
mechanisms and therefore a better understanding of the involved
processes. Moreover, it would also open these sensars for further
miniaturization and the resulting potential for higher multiplexing
andjor minimized sample volume.

10 arrangements of metal nanoparticles have been assembled
with a thickness in the micrometer and a length in the millimeter

® Corresponding author. Tel: +40 3641 206 149; fax; +49 3641 206 399,
E-mnail addresses: christianledterer®ight-enade. Chrisnanlererer@gmailoom
(T Leiterer |

05 25-4005/§ - see front matter © 2012 Ekevier B.Y, Al rights reserved.
hirp: (| de_dod org/ 10.1016) |.snb201 2 09.088

tinguishable from bulk material, because their conductivity is
significantly (and therefore measurable) influenced due to the
binding of molecules to its surface. This effect can be detected
when a high surface to volume ratio of these nanostructures can
be achieved. The electrical properties of assembled nanoparticle
chains or single nanoparticles have been characterized in the past
through DC measurements and impedance spectroscopy in order
to get a deeper understanding of the conduction mechanism from
particle to particle [ 13-15]. Surprisingly, the prospects for molec-
ular sensing have been addressed very rarely [16,17), despite the
fact that a sensing device based on nanoparticle conductivity could
provide a label free detection of molecular binding in real-time, Fur-
thermore, such a device tan be read-out electrically, which requires
far less expensive equipment than established optical methods.

For the development and characterization of such a sensing
device based on nanoparticle conductivity, many steps have to be
taken. The key element. the nanoparticles, should be assembled
between two electrodes in an inexpensive manner, which must
be in the nanoscale and provide the high surface fo volume ratio
necessary for molecular sensing with electrical read-out

This article addresses and solves problems concerning these
requirements. It is demonstrated that nanoparticle chains con-
sisting of various sized AuNPs can be assembled between nano-
and micro-scale electrodes in an inexpensive manner using an
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AC electrical feld. This technique can be utilized in parallel with
high efficiency, even in nanoscale electrode gaps. Furthermore, the
assembled nanoparticle chains can be used for electrical detection
of an organic thiol. Endpoint and real-time measurements are pos-
sible, which points out the oppartunity to measure even binding
kinetics with this system.

2. Experimental
2.1, Micro- ana nono electrode substrotes

For AC Feld assembly of the gold nanoparticles, microelec-
trodes were prepaned on thermally oxidized silicon substrates by
standard photolithography lift-afl. Two eélectrode layouts with dif-
ferent shape and gap size were fabricated: 1| wm gap-size rounded
electrodes (Fig. 1, top left) and 10 um gap-size rectangular elec-
troles (Fig. 1, top right) Both electrode lavouts are made from
100 nm sputtered gold layer. Nanoelectrodes were prepared by
standard e-beam lithography of 50 nm gold layer using also lift-
off technique, 50 electrode gaps with average gap-sizes between
40 and 100 nm were fabricated, here all electrode gaps can be con-
tacted in parallel (Fig. 1, bottom ).

2.2 Colloidal AuNP

For the assembly of the AuMNP-chains, commercially avail-
able AuNP were obtained from BBl (British BioCell, UK] with
diameters of Som. 15nm, 30nm and 60 nm. These particles
were used for the DEP in the provided concentrations (5mm:
1.0 = 10" pimil, 15 nm: 1.4 = 10" P/ml, 30 nm: 2.0 = 10" Pfml, and
GOnm: 2.6 « 10" P/milL

Fi 1. SEM irages of the utilized micro- and nansstructured slecirsdes with 1 am
(v lefu), 00 g {top right ]| and =40- 100 0m (batbem ) ebeconde gaps. The & beam
Tabebcated nanoscale gaps allow for parallel connections.

HHH g

Fg. 2. Assembly of AuNP-chaiis [ 30 e AuRP) b an AC electineal Beld (1 kHz)
For efficien) amembly control, the voltage was micoessively decreased from 15 1o
100V oveer the course ol weveral minuies, Afer 8 min the two-ticled assembly of the
AnP-chain (s Anidhed, resulting in gap closure

23, Assermbly of AuNP fnan AC electricol field

Inorder to assemble nanoparticle chains from the collowdal solu-
tions, a function generator (Agilent 332204, Agilent Technologies,
Bblingen, Germany ) was used as a power supply, providing up to
20 MHz, 20Vpp at open circult, For our purpose frequencies from
1 kHz to 1 MHz and voltage from 0.7V to 2.5V were applied. Aver-
age duration of the AC controlled assembly was fram 5 (o 40 min.

The experimental procedure for the AC assembly is quiet sim-
ple: a droplet of the collabkdal solution s applied to the chip with a
pipette, As soon as voltage is applied to the electrodes, the assem-
by of the particle into pearl-chain like structures starts taking place
{Fiz. 2).

To be able to monitor the assembly of the particle chains elec-
trically in real-time, the voltage across a resistor arranged in series
to the gap was measured using a digital oscilloscope (D50 32024,
Agilent-Technologies, LISA).

24, Detection of an organic thiol

As analyte. 1-mercapto-6-hexanol (Sigma-Aldrich, Taulkirchen,
Germany) diluted in ethanol was used. The thiol group of the
organic molecule binds to gold nanoparticles with high affinity
forming 4 dense monalayer.

This binding induces a change in resistance, which was moni-
tored using an ampere meter with an integrated DC power supply
(Sourcemeter 2400, Keithley Instruments, Cleveland, OH, USA)
Endpoint and real-time measurements were performed.
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2.5, Characterization of the AuNP-chains

The AuNP-chains were characterized optically (Micto-scope
Zi.mial.m with CCD camera AxioCam MRcH, Carl Zeiss, Jena,
Germany) and by scanning electron microscopy (DSM 960, Carl
feiss, Jema, Germany ) to control quality and sub-structure of the
AumP-chains during and after assembly.

3. Results and Discussion
3.0, Assembly of AuNP chains in 10 pm electrode gaps

To assemble AuNP (colloldal, 60 nim ) into chain-lke struciures,
an AC electrical field at a frequency of 1 kHz, 2.5V was found to
waork ina fast and reproducible manner for this electrode gap size.
The assembly starts at the corners of the rectangular electrodes
because the highest field intensities are present here, The particle
chain spreads like a growing crystal until final connection, The pro-
ceds was visualized in real-time with an optical microscope (Fig, 2,
video 1) The overall process takes about ~8 min.

Alsa, this process can e monitored simply by electrical means.
We demonstrate this by measuring the voltage across a resistor
connected In series with the electrode gap using an oscilloscope,
I rder to have the same force applied to the particle as without
the resistor the valtage must be raised accordingly, The following
figure (Fig. 3) shows the monitored voltage which also represents
the growing of the partlcle chaln, The increasing voltage across
the resistor is driven by the decreasing resistance In the elec-
trode gap due to the particle assembly (and therefore decreasing
gap), Twao phases in the assembly of the particle chains became
apparent, In the first phase, particle chains are growing as already
shown in Fig. 2. In this phase, the valtage across the resistor in
series increases linear (Fig 3, diagram logarthmic scaled, line b
0-B00 5 and ¢: 0-1300%), In the second phase, the assembling par-
ticle chains from cach electrode fnally connect with each other,
resulting in a voltage peak (Fig, 3, line b after 8005 and o after
1400 5],

Line band ¢ in Fig. 3 correspond to particle assembly under exact
same conditions, consequently the time particle chains are assem-
bled until connection cannot be predicted, which corresponds o
other experiments made.

Also a negative control is shown using the same particle solu-
tion at 1 Mhz, L5V (Fig. 3, line a: below assembly threshold ), No

10060
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E _pe——— _]
ol e .
0.1

0 200 400 800 HDO 1000 1200 1400

t(s]

Fig. 3. Om=line electrical charactedzation of the assembly process, When the applied
valtage |3 helow the assembly threshaold, no significant change in valtage over trme
iz nlaerved [dotted fine or 1.5 Vppl Hewever, forvoltages abave this threshold sech
w25V pp, the assembly process resols ma stead yincrease in the voltage [measured
at v serial resistor ) unkil o contain poim where s voltage jump s obverved. This pobnt
relabes to the closare ol the gagp

Flg. 4 Comparison of AuNP-chaing assembled with constant voltage [beft, L5V,
1 kHi ) and successively decreased voltage [right, 2.5-1.0%, 1 kHz)

slgnificant change In voltage over time could be measured, there-
fore no particle chain assembled.

The ability to monitor the assembly electrically is of high impor-
tance because it allows recognizing the moment of contact very
exactly, which is not possible using microscopy, The reason why
the point of cantact is so crucial is that the system is on short-cut
at comparatively high voltage at this moment, which can destroy
thee particle chain immediately after being assembled,

Furthermaore, it gives the opportunity to the shutdown of the
voltage in order to prevent damaging the particle chain upon
short-cut, This automation could be realized quiet easily using a
transistor, which switches off the power supply as soon as the volt-
age across the resistor in series with the gap Increases over acertain
value, Also, it Is important to be able to monitor the process eléc-
trically if particle chains have to be prodeced with high throughput
o an industrial scale.

In arder to improve the AC driven assembly of the nanoparti-
cle chains, a successive decrease of the applied voltage during the
assembly process (8 min) results in more defined particle chains,
This was done by contral software, which scaled down the applied
voltage over tme stepwise feom 2.5V to 1.0V INthe voltage is keplt
constant over time the electrical field would increase due to grow-
ing of the partiche chain, Therefore a successively reduction of the
voltage leads to a more constant feld strength. In the following
figure we compare the typical shape of a particle chain assem-
led with constant valtage and with successive decreasing voltage
(Fig. 4).

Having a closer look at the particle chain using 5EM imaging
reveals the substructure of the particle chaln, The AuNPs assembled
withan AC field at 1 kHz are fused (o a rather continuous nanowire;
no individual AuNPs can be resolved anymore {Fig, 5),

Another way to characterize a particle chain is DC resistance
measurements, These measurements can as well give information
about the internal structure of the particle chains, without the need
for sophisticated (and therely costly) ultramicroscopic technigue
like SEM. This allows for a very useful fast and reliable quality
assurance right after the assembly, Lower resistance corresponds to
fused continuous particle chains {Fig, 5, 0.G-1.8 ki2), higher resis-
tance corresponds to non-fused peari-chain lile structures (Fig. G,
0.8-60 ME2), Moreover, SEM was found to be destructive, resulting
elther in open circuits (destruction of particle chain) or in a signifi-
cant dropin resistance, especially experienced with the pearl-chain
structures, We assume that the decrease in resistance (s caused by
carbonaceous de position during SEM measurements in the parficle
Junctions.
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Fige. 5. Scanming electron micrograph of the assemililed AuNP-chain (1 kHz, =25V
Thie AN Foris a continuous nanmaire with a resistance of about 5 k.

3.2 Assembly of AUNP chains in 1 wm electrode gaps

The assembly of AuNP chains in 1 pm electrode gaps was
performed with an AC field at | MHz wsing a constant valtage,
Different sizes of AuNPs (60nm, 15 nm, and 5nm) were investi-
gated. In contrary to the particle chains assembled at 1 kHz, these
chains showed pearl-chain-formation after assembly, which means
that the assembled nanoparticles are not fused to a continuous
nanowire (Fig. 6} AuNP-pearl-chains are showing in average twao
arders of magnitude higher resistance (0,.8-G0ME ] than the fused
nanowires assembled in 10 pm electrode gaps. Due to their higher
resistance, this assembly process 18 not critical upon shorteot,
Therefore particle chains of different thicknesses can be assem-
bled (Fig. 6). The thickness can be thereby controlled by assembly
duration and voltage, Lower voltage and longer duration means
hereby-thick particle chains and higher voltage, shorter duration

D ¢
=

results in thinner particle chains, The frequency was always held
constant at 1 M,

Depending on the applied voltage and particle size these pearl-
chains can also be fused into a continuous nanowire in an additional
step (data not shoswn ),

3.3, Assemnbly of AuNP chaing in nano-electrode gaps

Beside nanowire formation in micrometer gaps, we demon-
strate the formation of AuNP-pearl-chains in muoch smaller
nano-electrode gaps of less than 100nm gap size, Fifty gaps are
assembled here in parallel with high (>90% ) efficiency. The start-
ing parameters for the assembly are the same as used with the
1 i gap, but with the shrinking gap size lower voltage must be
applied (0,7-1.3V) to avoid the destruction of the AuNP-chains and
the electrode material, Overall resistance of these arrays of parallel
connected AuNP-chalns was in the range of 1-50M$2 (Fig. 7).

Lising nanoelectrode gaps nanoparticle chains consisting of few
particles can be assembled. With these results we demonstrate that
this techmigue to assemble particle chains works highly parallel and
efficiently at the nanoscale,

34, Detecrion of an organic thiol

Thiols are known to have high affinity to gold. This attachment
causes the resistance of the gold nanoparticle chain to increase,
which can be wsed as a detection signal, Different mechanisms
were discussed how this influence can explained, while the most
commaon explanation is that tunneling barriers between particles
(metal-insulator-metal ) are influenced due to molecule binding
[18]. In our case, 1-mercapio-G-hexanol (MCH) s wsed to ver-
ify the electrical sensing abilithes in solution of the assembled
AuMP-chains. The obtained results should be the basis for future
developments of the sensing capabilities of nanoparticle chains as
sensing device. Here the change in resistance of the AuNP-chains
upon incubation with MCH was measured.,

End point measurements were performed on fused AuNP chalns
(10 wm gap) and AuNP-pearl-chains {1 wm gap) resulting the resis-
tance to increase about <108 on fused AuNP-chains and up to
~2000 times on AuNP-pearl-chains (Fig, &), Pure solvent without
MCH showed no change in resistance,

Measurements with only the solvent but no MCH vielded
no measurable change in resistance. For both gap sizes, MCH

16 nim AP £ nm- ALNP

Fig. 6. AuNP-chaing witl different particle diametes (80 nm, 15 nm, and 5 nom )y bave been assembled noa §wm electiode gag under siodlar conditons | 1 MHL 5 40 min,
1-2.5V), Thee voltage increases and the dme decredses (rom top o botton mow, Thelr esistance reaches from 300 kQ (upper 2) 0 ~3 G0 {bottom center),
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Fig. 7. AuNEP were assembled In parallel in a nane gap array wsing 30nm (a) and
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Fig.8. Real-time resistance measurements when the analyte { 10 mM MCH ) is applied. The rakse in the current in high resistance AuNP chains {left | during on-line measarement
oconirs due to the fact that the current ows through the solvent which has higher conductance [blue HBne: By L Only AubP chadns {right] with lower resistance are suitable
for on-line derection. Here the thiol binding can be monitored in real-time. (For inperpretation of e réferences to color in this fgure legend, the reader s refermed o ithe
wieb wersion of this article.)
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incubation resulted in a significant resistance increase (Fiz. 8): the
typical resistance of fused wires [ 10 wm gap) in the lower k2 range
increased by about 10% upon MCH addition, while the pearl-chain
arrangement (1 pm gap) with starting resistances in the G£2 range
showed an increase by more than two orders of magnitude.

In on-line measurements the change in resistance due (o
MCH was measured in real-time. In order to be able o conduct
on-line measurements, the AuNP-chain has to have a lower resis-
tance than the solvent of the molecule (Fig. 9, right); otherwise the
solvent leak current hinders sensonc applications (Fig. 9, left). Fiz.9
shows on-line measurernents of an AuNP-chain with resistance
both higher and lower than the solvent. In advantage to endpoint
measurements, on-line measurements have the potential to moni-
tor binding kinetics of molecules in biology or pharmacology, which
s an important task in this feld.

4. Conclusion

In conclusion we were able to demonstrate the axsembling of
nanoparticle chains at the micro- (1 and 10 pm) and nano-scale
(40-100 nmL Hereby two kinds of nanoparticle assemblies could be
discriminated: fused highly conductive assemblies made at 1 kHz
with limited abilities for sensing, and pearl chain like structures
made at 1 MHz with guiet promising sensing potential. The assem-
bly process and charactenization of the nanoparticle assemblies
was realized with low-cost equipment by using a high frequency
AC power-supply for assembling particle chains and DC multime-
terfoscilloscope o monitor current or voltage. It was al=o shown
that nanoparticles could be assembied in 50 nanosized electrode
£aps in parallel, which confirmed the parallelizability of assembly
for high-throughput fabrication.

Furthermore we demonsiraied the electrical detection of thiol
molecules in solution by endpeoint and real-time measurements
using the ascembled nanoparticle chains.

These results propose 2 promising way to detect biomolecules
using assembled nancsensors. The system itsell was kept simple
and cosi-efficient, allowing for a future commercial use.

In future similar systems might work for the label free, sequence
specific detection of DNA in an array format similar toa microarray.
Also the detection of sulfurous gases in bioreactors, as well as the
identification of proteins similar to an ELISA assay is conceivabie.
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Abstract  One major challenge for the technological
use of nanostructures is the control of their electrical
and optoelectronic  properties.  For  that  purpose,
extensive research into the electrical characterization
and therefore a fast and reliable way of contacting
these structures are needed. Here, we report on a new,
dielectrophoresis  (DEP)-based  technique, which
enables to apply sufficient and reliable comtact o
individual nanostructures, like semiconducting nano-
wires (NW), easily and without the need for lithog-
raphy. The DEP contacting technigue presented in this
article can be done without high-tech equipment and
monitored in situ with an optical microscope. In the
presented experiments, individual SINW s are trapped
and subsequently welded between two photolitho-
graphically pre-pattemed electrodes by applying
varying AC voltages to the electrodes. To proof the
quality of these comtacts, I-V curves, photoresponse
and photoconductivity of a single SINW were mea-
sured. Furthermore, the measured photoconductivity
in dependence on the wavelength of illuminated light
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and was compared with calculations predicting the
absorption spectra of an individual SiNW,

Keywords Nanowire - Dielectrophoresis - Contact -
Silicon

Introduction

One-dimensional nanostructures such as nanowires
{NW) or carbon nanotubes have just recently reachesd
sufficient maturity to be used in nanoelectronic
(Thelander et al. 2008; Hsuch et al. 2007; Tans et al.
1998; Cui 2001; McEuen et al. 2002; Evoy et al. 2004;
Baughman et al. 2002) and optoelectronic devices
iSvensson et al. 2008, Zhou et al. 2007; Kim et al,
2007: Dayeh et al. 2007). Due to their small-size, well-
defined shape and crystalling structure that determing
their unique physical properties especially semicon-
ducting nanowire are of special interest in the
scientific community. In addition, many boltom-up
synthesis approaches to obtain NW or carbon nano-
tubes are particularly inexpensive and promise ultra-
sensitive detection abilites (Wang and Gates 2009),
The main challenge left 1o fabricate market-ready
devices with nunowires as key elements is to find a
way to apply electrical contact to them in a reliable,
parallel, and inexpensive manner (Erdem Alaca 2009),

Here, we address this fundamental challenge by
presenting a method which is able o establish reliable
electrical contacts to semiconducting NW such as

&) Springer
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SiNW based on DEP. It is parallelizable and does not
require expensive equipment to apply electrical con-
tact to NW on pre-patterned electrode arrays. There-
fore, this method can be uvsed for fast and easy
electrical charactenzation of nanoscale structures in a
standard laboratory. For years, dielectrophoresis
(DEP) has proven to be a promising technigue for
the integration of individoal micro- and nanoscale
objects (Pohl and Crane 1971: Smith et al. 2000;
Mueller et al. 1996; Chen et al. 2001; Washizu et al.
1994: Raychaudhuri et al. 2009: Wolff et al. 2008;
Kretschmer and Fritesche 2004). However, often the
contacted structures show high contact resistance and
therefore require additional lithographic or chemical
treatment to realize the desired ohmic contact. With
the described method. we could overcome this prob-
lem. However, the presented technigue does not claim
to provide better contacts than established methods
like contacting by E-beam lithography or using
thermal annealing. Nevertheless, this method can be
especially favorable for sensitive samples which can
be damaged by the harsh conditions coming along
with the previous mentioned methods.

The DEP technique consist of three simple steps
controlled by an applied AC field: (1) pulling the
nanowire to the electrode (Fig. la), (2) trapping the
nanowire in the desired position (Fig. Ib). and (3)
fixation and realization of contact by voltage pulse-
induced welding to the nanowire (Fig. Ic). The
applicability is shown exemplary for SiNW, but the
technique can be applied 1o other dispersed nano-
structures such as nanoparticle or nanowires made
from conducing or semiconducting materials.

@ —/’/—
b}__ﬁ.—h
Ll_é_
Fig. | Scheme for DEP trapping and fixing. & The NW is
attracted 10 the microelectrode gap by DEP. b The NW is fixed

on the electrodes by DEP and welded ¢ to the clectrodes by shon
pulses with higher voltage

€\ Springer

In the experiments, we show that it is possible to
establish contacts which are stable under application
of up to 3 pA through a single n-doped SINW.
Furthermore, we could characterize contacts by 1-V
curves, and proof the applicability by measuring
photoresponse and wavelength-dependent photocon-
ductivity of a single SiNW using a halogen light
source and metal interference filters for fwning the
illuminated wavelength. Furthermore, with the
obtained data from the wavelength-dependent photo-
conductivity measurements show an agreement with
the calculated absorption maximum of the measured
SiNW,

Experimental
SiNW synthesis

The SiNWs are realized by the bottom-up vapor—
liquid-solid (VLS) growth technique (Wagner and
Ellis 1964). The VLS growth of SiNW is based on the
meial (here gold) catalyzed one-dimensional growth
using silane as the source of silicon for the NW
growth. Silane in Argon (4 scom silane and 4 or
3.5 seom argon) 1% used in a chemical vapor deposition
process (CVD) in a home built reactor using pieces of
Si (111) wafers as the growth subsirate. Two samples
are grown at temperatures of ~600 °C, onc with
undoped SiNW (620 °C) and one with phosphorous-
doped n-type SiNW (640 “C) at a total chamber
pressure of 2.0 mbar. To dope SINW, (1.5 sccmof 2 %
PH; in Helium is admitted into the chamber during
growth as well. SINW grown under similar conditions
have shown a phosphor doping of roughly 10"~
10" atfem” (Schmid et al. 2009). The VLS-grown
SiNWs from both samples were removed from their
growth substrates by sonication in deionised water,

Dielectrophoresis-assisied welding technique
to apply contact to NW

The proposed technigque for trapping and contacting of
NW is described in detail as follows: the NW.
dispersed in deionized water or in another non-
conducting solution, is applied w a microchip
prepared using standard photolithography to realize
the microelectrodes on a glass or silicon substrate. A
schematic is shown to illustrate how the DEP
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@ floating nanowire movement towards

the edges

\ A\

Fig. 2 Schematic illustration of DEP-induced trapping and
fixation of single nanowire, A nanowire Noating far away from
the electrode gap can be moved easily toward it by using such
tapered electrode geometry. a1 A nanowiere loating near the
electrode, no voltage is applicd. b By applying voltage 1o the
clectrodes, the NW is drawn to an electrode quickly, without

Nanowire

Flg. 3 Real-time imaging of the DEP trapping and welding: a
single SINW during DEP wupping and (using. a Floating of a
dispersed SiNW next to the microelectrodes, h (L3 V is applicd
between the two neighboring clectrodes, the SINW moves 1o the

technigque can be used to apply contact to a nanowire,
even for low nanowire concentrations (Fig. 2), Pro-
mated by tapered electrode geometry, nanostructures
can be moved along following a field graciem wward
their desired position (electrode gup of about 4 pm at
the tip, ¢f. Fig. 4). In this position, the nanostructures
can be fixed and contacted, which will be described in
detail later on. By using similar electrode geometries
and DEP conditions, this technigue presents a low cost

movement along @ Fixation in final positon
the field gradient

AA

sticking (o it. ¢ Due to the increasing feld intensity {due to the
decrease of the elecwode distance), the nanowirg is moving
tovward the electrode gap until it reaches its final position, d In
the final position, the nanowire con be fixed by applying o shor
higher valtnge pulse so that a sufficient electrical contact can be
cstablished

electrodes, ¢, d Continuous application of the vollage leads 1o
SINW moving along the field gradient 1o the electrode tips.
e RINW is fixed by welding in the final position by application of
several short AC pulses at § V

A\

method to contaet and characterize individual nano-
structures electrically, even if there are only present in
low concentrations. To start the trapping process, an
AC voltage (1 MHz, 0.3 V) is applied 1o the elec-
trodes until a NW is attracted to them. As soon as the
NW is touching one of the electrodes, it is slowly
drawn 1o the electrode gap located in the center of the
chip following the field gradient (Fig. 3a). The tapered
geometry of the electrodes on the chip promotes this

ﬂ apringer
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Fig. 4 SEM image of DEP-
trapped SiNW, The
schematic image on the
hottom illustrates the
behavior of the SiINW on the
electricde. a Trapped SiNW
without welding having
insufficient comtuct fo the
electrodes. b SINW welded
1o the electmdes with shon
pulse of higher voltage is
closely clinging on the
electrides, which provides
relinhle contocts for
electrical measurements

waided, reliable conlact

@ [+ : ©
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Fig. 5 a |-V chamacleristic of 4 non-welded n-type SiNW
showing ~3 orders of magnitude higher resistance. b 1-V
charscteristic of an individual p-type SINW using the deseribed
welding technigue. The curves are shivwing stable o current and

movemnent. The NW moves toward the electrode gap
and will stay at this point as long as the voltage is
applied. In the next step, the NW is welded to the
electrodes using a much higher AC voltage than in the
first attachment step. This step is the key to establish
low contact resist between NW and electrode and will
be described in detail later on. The entire attachment
and welding processes can be monitored in real-time
using an optical microscope {Axiolmager Z1m/Axio-
Cam MRcS, Carl Zeiss, Jena, Germany) (Fig. 3).

The DEP method also permits to select a single N'W
with desired propertics such as length, shape, or
diameter. Undesired NW can be easily deselected by
turning off the voltage, The NW will then be released
and moved away from the electrodes due to Brownian
mation. An appropriate single NW can be lirmly
attached (welding) to the electrode by using several
short AC pulses (0.2-1 5) at 5V, | MHz. After the
welding process, the remaining dispersed NWs are
removed by washing with deionized water prior o
drying using compressed air.

&) Springer

no changes during several measurements, © Typical -V
characteristic of a n-1ype SINW using welding technigue. The
current is showing unstable behavior above 3V

In order to study the quality of the contacts made
with our technique, two kinds of SINW were contacted
for subsequent measurements: undoped SiNWs are
utilized to demonstrate photoconductivity of single
SINW, and n-type SINW are used to characterize the
electrical properties of a single SINW by measuring 1-
V curves, All measurements are carried out using DC
voltage applied by a sourcemeter (Model 2400,
Keithly, Cleveland, OH),

Results and discussion

A SINW contacted with the proposed technigue
{welded) is compared to a non-welded SiINW by
SEM imaging (Fig. 4). The ends of the SiNW shown
in Fig. 4b are closely clinging on the electrodes due to
the welding process, while the terminal regions of a
non-welded SiINW have only contact to the edges of
the electrodes. These small contact areas explain the
insufficient contact for electrical measurements,
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Fig. & -V charscteristics of single nanowires. Resistance of
the nanowire decreases with increasing diameter. Their resis-
tivity measured at 6 V reaches lrom ~ [-10 ML

For the electrical characterization, the welded
SINW, I-V characteristics are recorded for an indi-
vidual m-type SINW, If the SINW is welded to
electrodes, it shows an average resistance of about
BOO KD [Fig. 5, N-2V) o =29 pA, U+2 V)
2.3 pAl If pot, its resistance is aboul 3 orders of
magnitude higher, so that there is nearly no measur-
able contact (Fig. 5a). To proof that the proposed
technique provides stable contacts, severnl I-V mea-
surements are recorded using identical conditions with
increasing voltage (Fig. 5b). The resulting 1-V curves
show nearly identical behavior, no hysieresis is
visible. Further, 1-V measurements with voltages
ahove 3 V show destabilization of the current: above
5 V the NW is irreversibly damaged (Fig. 5¢).

o . @, (arb. units) @

@
FIE
T 2
04
) 60 120 180
tis)

Fig. 7 Photoresponse of o singhe undoped SINW contacted by
DEP-assisted welding. 10V (DC) was oapplied in (s, b)
n Photoresponse over the time for an alternately illuminated
fonfolff) SINW using the full spectrn {widte lgh), b Wavelength

In order to proof the reproducibility of the tech-
nique, several NWs with different dinmeters were
contacted and -V characteristics were recorded. The
results show that panowire with lorge diameter
showing less resistivity as expected. All NWs have a
length of between 5 and 7 pm which does not seem 1o
have a strong influence. The contact area beiween
nanowire and electrode is about half its Jength at all
samples and therefore provides stable contact. The
according results are shown in Fig. 6.

Furthermore, it is possible 1o measure photocon-
ductivity of a single undoped SINW contacted by the
proposed technigue, Therefore, the contacted SiINW is
illuminated vsing a mercury arc-discharge lamp (X-
Cite 120Q, Lumen Dynamics, Mississauga, Canadu),
In order to take a look at the photoresponse of an
individual SINW, the illuminated light is switched on
and off several times while recording the current
(Fig, 7Ta). The current follows the illumination with
essentinlly no delay. However, the measurements are
not intended to measure the photoresponse time and
thus the time resolution of the experiment is on the
order of tenths of a second. During illumination, the
current is about 300 times higher (7 ~ 30 nA) than the
current measured for the non-illuminated intentionally
undoped SiNW (7 ~ 0.1 nA).

In a next step, the wavelength dependence of the
photoconductivity of a single-welded SINW is ana-
Ivred and compared to s calculated absorption
efficicncy. In order 1o be able 0 compare the
culculated wavelength depended absorption with the
measured photocurrent, the photocurrent 1y, is nor-
malized with respect to the intensity of the

"

o4

A inm)

dependency of the normalised pholocurrent [, (using
monochromatic light provided by metal interference fillers)
correlmed with calcalaed absorption efficiencies Qubs of the
SINW

&) Springer
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illuminating light [y . It is assumed that the photocur-
rent I, is proportional to [;. Thus, the normalized
photocurrent ., is given by Lo = fon / 1. In this
experiment, interference filtering permits the illumi-
nation with a selected, unable wavelength of a step
width of 25 nm. For the normalization, the intensity of
the illuminating light IL for each filter is measured
using an optical microscope in bright field geometry
with a fiber-coupled spectrometer (SpectraPro 23004,
Princeton Instruments, Trenton, NI).

For the comparison, the optical absorption efficien-
cies of SINW for non-polarized light are calculated
using Mie theory (Bohren 1983). For this purpose, the
refractive index of bulk silicon (Palik 1998) is
assumed for the SiNW. The calculations show that
the absorption efficiency of an individual SiNW
strongly depends on its diameter. This can be
explained by the so called optical antenna effect
(Cao et -al. 2010; Brénstrup et al. 2010, 2011). The
diameter of the illuminated 5INW is measured by
SEM imaging, yielding a diameter of ~ 130 nm.

Finally, the results show that the normalized
photocurrent /.. induced by the illuminated light
strongly depends on its wavelength as well, and the
expenmentally observed values are in good agreement
with our calculated absorption efficiency (Fig. 7h).

Conclusion

The dietectrophoretic contacting and welding tech-
nigue provide not only an efficient tool to trap and
align individual nanoscale objects such as NW, but
also offers the option 1o integrate bottom-up nanoscale
structures into top-down electronics without using any
expensive post processing technigues and nanolithog-
raphy steps. Hereby tapered electrodes can be used as
“electrical tweezers™ to wire single nanostructures for
subsequent electrical charactenization realizing a reli-
able contact. The n-type SiN'Ws contacied to titanium
electrodes have proven Lo be stable for up to at least
3 pA. Furthermore, it was possible to measure the
photoresponse and the photocurrent as a function of
the illuminating wavelength of an individual SiNW. In
order to verify the measured results of the wavelength-
dependent photocurrent, the data was compared to the
Mie calculated absorption efficiency for the utilized
SiNW. Good agreement between calculated and
experimental data could be obtained.

&) Springer
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1. Introduction

One dimensional nanosiruclures such a8 semicon-
ducting nanowires (NW) and carbon nanotubes be-
come maore and more suitable tronsducer elements
for chemical [1] and biological sensors [2-10] Be-
cause of their particularly {avorable surface-area-io-
volume ratio, they are promising ultri-sensitive key
elements in future seasing devices [11-13], Further
more, these siructures can be fabricated in high
guantities al low cost using boltom up lechnigues
such a5 chemical synthesis and vaporliguid-solid
(VLS) growth. and are therefore preferred com-

pured 1o the more expensive lithographie (1op-down)
nanostruciures,

Silicon nanowires (SINWs) are promising trans-
ducer for bioanalytics with electrical readout, which
wan demonstruted for both top-down [3, 6, 9, 14, 15]
and bottom-up [2. 16-18] structures. While Si tech-
nodogy is widely established in semiconducior indus-
try, the performance of SINWs can be limited due 1o
the native oxide layer occurring when exposed (o
and oxygen containing atmosphere [19]. Other mate-
rinls like Zn0) do not have this problem and show s
high stability under ambient conditions. Moreover,
200 provides superior electronic properties regard-

® Corresponiding wuthor: e-mail: christian leiareriigmall com, Phone: 49 3641 206 349, Fax: 49 364] 206 390

* These authors contributed equally (o this work
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ing a large, direct band gap in the visible region, and
show exionic luminescence al room lemperature.
However, in order to access this potential, the devel-
opmenl of technigues for mass production as well as
manipulation and biofunctionalization s required.
Whereas ZnONW synthesis is established [20], bio-
functionalization of FnONW (such as with DNA)
wirs rarely attempted [21, 22).

Here, we charactenize capture DMA functionali-
zation of single ZnONW, We therelore demonstrie
the successful hybridization of (luorescently-labeled
target DNA to their complementary capiure DNA
immobilized at the NW surface. The specificity of
this reaction is charscierized wsing non-complemen-
tary DNA as negative control. The results show that
such one dimensional Zn0) nanostructures can be
biofunctionalized and therefore serve as useful sub-
strates for future microarray devices. Ong advaniage
of these one dimensional nanostructures is their po-
tential W serve as a highly sensitive transducer with
clecinical readout, Such o seosor would  detect
changes in conductivity of the NW due to a field ef-
fect induced by the hinding of natively charged bio-
molecules, which work like o gate-clectrode in a fickd
effect transistor. This approach enables marker [ree
DNA or protein detection systems.

2. Experimental

2.1 Preparation of SINW samples

The SINW are grown by the bollom-up VLS me-
chanism |23] based on the gold (Au nanoparticles,
680 nm) catalyvred one-dimensional growth using
silane os the source of silicon for the NW growth.
Further details are deseribed in [24), Silane in Argon
{4 scem silane and 4 scem or 3.5 scem argon) is used
in & chemical vapor deposition process (CVD) in a
home built reactor using picoes of 51 (111) wafers as
growih substrate. The samples are grown at lem-
peratures of ~600 *C with a total chamber

of 20 mbar. The VLS-grown SiNW were removed
from their growth substrates by sonication in deio-
nived water or imprinting technigue. Typical wire di-
mensions are M<150nm in diameter and 5-15 jum
in length.

2.2 Preparation of ZnONW samples

The ZnONW samples were synthesized via vapor-li-
guid-solid (VLS) process |25). Zn0 powders as
source material were positioned at the center of a
horizontal tube fumnace. which was heated 10

1350 °C. Silicon substrates covered with a 5-10nm
thick Au film were placed at a position in the fur-
nace where the temperature ranges around 1050 °C,
The vapor was transported by Ar gas flow of
50 scem to the substrates, at a pressure of 100 mbar
and growth time between 30 and 40 min. The
InONWs evolve in a typical spaghetti-like structure
with wire dismeters around 100-300 nm and wire
lengths of up to some tens of pm.

2.3 Silanization of NW samples

In order to be able to perform a silanization reaction
on the NW surface, both the SiNW and ZanONW
samples were [ activated using oxvgen
plasma which hydroxviates the surface (Plasma Sys-
tem 200 G, Technics Plasma GmbH, Miinchen). The
eiching process is carmied out at a pressure of
L6 mbar at 380 W for at leasi 30 min.

The silamization of the NW surface was per-
formed as described previously [26). Briefly, incuba-
tion was at 70" (‘!ur’-humngglmdmypmpyhn-
methoxysilane (GOPS) in water-free toluene [27),
prior to several washing steps in pure toluene and
drying with compressed air.

2.4 Biomodification and hybridization
of the NW

Amino-modified oligonucleotides are used for the
immobilization of the capture DNA to the GOPS-si-
lanized NW surface. The amino-group is located on
the 5-terminus of the oliponuclestides and forms an
imine in a condensation reaction with the epoxy
group of the GOPS, which provides a stable attach-
ment of the capture DNA to the surface (Figure 1)
The terminal amino-modificd oligonucleotides arce
applied at a concentration of 10uM in 5 = PBS
{pH 7.4) and are incubated on the NW substrate un-
til desiccation. Subsequently the NW are exposed 1o
UV light, washed afterwards in 15 mM tris-HCI (pH
B0 and dried using compressed air [28].

In order to proof the ability of the NW to act as
a substrate for the seéquence specific detection of
DNA. o DNA hybridization reaction was performed
with complementary as well as non-complementary
targel DNA at room fempersture in 5« PBS
(pH 7.4} for at least 2 hrs. The used oligonucleotides
are listed in Table 1. Complementary implies the se-
quence complementarity 10 the target DNA.

The following three different approaches for the
DNA maodification of NW are illustrated m Figure 3

© 23 by WILEY- VO Virlag Girnbtl & Cin KiiaA, Wiinhoim
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Figure 1 Scheme of the chemical reaction used 1o immobilize the capture DNA 1o the surface of ZnONW and SINW. ()
Activation of the NW surface by oxygen plasma resulbting in surface hydroxylation. (b) Silanimation of the surface with
ghyadoxypropylinmethoxysilane (GOPS) (€] Amino-modified capture DNA reacts with GOPS forming » stable attach-
mient ol the capture DNA 1o the surface.

and compared later on in the results and discussion
SECTON

Approach 1: The positive control. which is an ami-
no-modified and Cy3-labelled DNA, is immobilized
onto the NW 1o proof the successful immobilization
of capture DNA to the NW (Figure 3a). No further
hybridization is donc.
Approach 2: Complementary caplure DNA (see Ta-
ble 1) is immobilized onto the NW. The Cy3-labelled
targel DNA (sec Table 1) is used in 8 following hy-
bridization reaction 1o proof the successful binding
{Figure 3b),
Figure 2 {online color al: www.biopholonics-journalorg) omplementary ¢
Immobilation of fluorcscence lnbeled caplure DNA 10 I:em Ij: “N:]:;c*“m onto tiw L;Euma[::t
SINW and ZnONW. Dark field and fuorescence measure- (10 TTCA, (aan hbe 11 5 Cae i & s
e red confirming DNA bi at the NW. i urlpr:'l : {!u::'.u 1is us m a subsc-
o o i fing quent hybridization reaction 1o proof absence of sig-
nificant non specific binding as an imporian feature
for future application (Figure 3c).

@ ® ©

Tauble 1 List of wsed DNA and oligonudeotides, respec-
tively,
( purpse SOGUEnCE mudification

Positive control ~ §-AGA ATC AAG §-Cy3
GAG CAC ATG CTG 3NH,

= AAA AAAY
[ ———] Complementary  S-TTT TTT CAG 5.NH,
posiive caatel compl. DMA pE——, capture DNA ~ CAT GTG CTC CTT
! : 1 GAT TCT ATG-Y
Figure 3 {online color ai: www, hiophotomics-jourmal org) Mo T_ACT GAC TGA 3.NH,

Three different approaches on. SINW and ZnONW sam-
ples, respectively, are compared. (8) Positive control: Im-
maobilization of Cy3-labeled caplure DNA. (b) Comple-

Complementnry  CTG ACT GAC TGA
caprure DNA CTG GOGE GOGC

Eree GAC CT-¥
mentary DNA: Cy3labeled trpget DNA hybridized 10 e .
complementary capture DNA. (¢) Non-complementary Target DNA SCAT AGA ATC ¥Ly2
DNA: Cy3-labeld target DNA applied 10 non-complemen- AAG GAG CAC ATG
tary cuplure DNA. CTG AAA AAAZ

o darg aslon s jrearmakorg 30 by WELE Y VO Veslag CimhH & T KGaA, Wiinbesm



6 Thesis Publikationen

81

lnrrial

“PHOTONICS

146 i

Leterer ef al: DNA hvbrnidzation sssay

sl mdnadual, olunchonaled rinc oxnde nanowines

3. Results and discussion

3.1 Binding of fluorescence labeled DNA
to NW substrates

First the elhoent mmobzation of Cyv3 labeled
DNA (positive control, see Table 1) o capture-DINA
modificd NWs is demonstrated. Optical dark ficld
microsoopy represents an established method to vi
sualize sub-wavelength structures and was utihzed
here 10 image un-labeled NWs. Dark ficld and fluor-
cscence images are compared in Figure 2 to show
the suocessful binding of the fuorescence labeled
DNA 10 the NW

These modified NW can be easily removed from
the substrate using ultrasonis or imprinting techni-
que. The resulting floorescence marked single NW
are visible by Muorescence and dark Deld magmg
Scrmoonducting NW such as SiNW exhibit different
color when observed in dark field. The visible color
depends on the diameter of the NW as we have
shown previouscly [24, 29]. Thinner SIN'W show o
bluish coior while thicker ones appear more reddish
or even white. As it is visible in Figure 4. NWs of a
vanetv of thicknesses are homogencously DNA
modified

3.2 Detection of sequence specific DNA
hvbridization on single SINW and ZnONW

Furthermore, we show the successful detection of
complementary target DNA by specific (sequence-
complementary) inding on the surface of caplure
DNA-modified single SINW and ZoONW, There-
forc. the NW arc chemically modified with a silane
and capiure DINA was immobilized as described in
the expenimental section. Three different approaches
from the expermmental section are |.'|1-r|1|_'r;-_1'|:|,1 in the
following results:

In Fgures 4 (SINW) and 5 (ZnONW), NW with
the non-complementary capture DNA show no de-
ieciable Muorescence, while NW with complemen-
tary caplure DNA show a bright uorescence signal
Ihe positive control shows no significant differences
in fuorescence nlensity compared (o the comple-
mentary sample m Figures 4 and 5. Therefore, a
highly efficient hvbndmatton to the modified NW
was achieved.

With these results a sequence-specific DNA re-
cognition is demonstrated on individual ZnONWs
When companng the Muorescence signal of SaNW
and ZnONW, no significant differences in DNA
binding efficiencies are visible. Both materials are
cqually fitting for DNA modification and DNA de-

fluorescence

dark field

positive
control

compl.
DNA

non compl.
DMNA

Figure 4 (onhne color at: www iophotonics-journal. org)
SINW modified with DNA according to the differemt ap-
proaches (ol Figore 3). Dark feld and (uorescence meas-
urements are compared (o show that DNA immobilization
and hybndation occurs on the NW. Insets are showing
single SINWs. A strong fluorescence signal of the NWs for
the posttive control and the complementary target DNA 15
visible while the NWs with non-complementary target
DNA are only visible in the dark field but show no detect
able fluorescence signal

dark field fluorescence

[

positive
control

non compl
DMNA

Figure 5 (onhine color ai: www.biophotomcs-qournal org)
ZoONW modified with DNA accordingly 10 the different
approaches. Dark field and fucrescence measurements
wre compared m order o show that the immobilizabon
and hybndizaton of DNA occurs on the NWs Inseis are
showing sangle ZnONWs A strong fluorescence signal for
the positive control and the complementary target DNA is
visible. NWs with non-complementary tarpet DNA show
no specific fluorescence signal
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tection using fluorescently-labeled DNA-probes. S0
Zn0) represents o suitable material for nanoscale
DNA sensors,

4. Conclusion

Terminal amino-modified DNA could be immobi-
lized onto ZnONW using standard silane chemistry,
which is already established in microarray fabrica-
tion for planar silicon or glass substrates, The NW
were directly modified on their growth substrate and
subsequently being transferred for further investiga-
ton or processing. Moreover, it could be demon-
strated that the capture DNA immobilized on SINW
and ZnONW serve as basis for following DNA hy-
bridization experiments, The successiul detection of
commplementary DNA was presented. Because non-
complementary DNA shows no detectable signal, o
high specificity is achieved. With these results we
showed the applicability of SiINW and ZnONW,
muidified with DNA by silane chemistry, for microar-
roy-like NW devices. In future, these results will be
used 1o develop g microarray for the detection of
DNA based on the utilized NW. Such microarrays
bave n greant potential 1w use changes in surface
charges due 1 hield effect as signal for the DNA de-
tection #s an alternative 1o [uorescence readout
The results will enable marker-free sequence analy-
sis of DNA with electrical detection,

DMNA-functionalized SINW and ZnONW present
highly specific biosensors with a promising high sen-
sitivity for the detection of complementary DNA
upon hybridization reaction.
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