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Abstract

The integration of functional organic materials in electronic devices holds great promise
for current and future applications. Organic materials offer many advantages over
their inorganic counterparts, such as high chemical tunability, low-temperature process-
ing, and the prospect for low-cost, large-area manufacturing. In this thesis, solution-
processable polythiophene-based materials are investigated towards integration in spin-
tronic, and low-voltage field-effect transistor (FET) devices.

In the first part of this thesis, the electrical transport of the highly conductive poly-
(3,4-ethylene-dioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) is studied with
ohmic and spin-polarized tunnel electrodes of nanoscale lateral dimensions. Temperature-
dependent charge transport measurements revealed that electrical conductivity scales
non-linearly as a function of electrode spacing, which is attributed to the localization
of carriers induced by the disorder, induced by the PSS polyelectrolyte. In addition,
the integration of this conducting polymer in nanoscale lateral spin valve devices is
demonstrated by controlling the pH of the PEDOT:PSS solution, and by protecting
the ferromagnetic contacts with a metal oxide barrier (AlOx). Charge and magneto-
transport measurement results of NiFe/AlOx/PEDOT:PSS/AlOx/NiFe lateral struc-
tures are presented for various thicknesses of the alumina tunnel barriers. The absence
of magnetoresistance in these spin valves is interpreted within the framework of Valet-
Fert theory, and the results prove valuable for the estimation of an upper limit of the
carriers’ spin lifetime in PEDOT:PSS.

In the second part, ultrathin hybrid gate dielectrics based on aluminum oxide (AlOx)
and mixed-type phosphonic-acid self-assembled monolayers (SAM) were studied with
a high performance liquid-crystalline semiconducting polymer, viz. poly(2,5-bis(3-
alkylthiophen-2-yl)thieno[3,2-b]thiophene (pBTTT). By co-assembling of carboxylate-
and methyl-terminated SAMs one can obtain high surface energy, while recovering the
leakage current levels obtained with pure methyl-terminated monolayers. Atomic force
microscopy analysis shows that the surface chemistry of the underlying mixed SAM
has a strong impact on the morphology of pBTTT films, and consequently their elec-
trical response. A strong improvement of the field-effect transistor characteristics is
observed at low concentration of carboxylate groups, accompanied by the appearance
of the well-known terrace-like microstructure of pBTTT for the monolayers with lower
surface energies. Although terraced morphology is known for this polymer, it never
been observed on patterned metal electrodes, which make up the basic structure of
integrated circuits.

iii



In the last part of this thesis, the mixed SAM approach is further exploited to man-
ufacture field-effect transistors based on pBTTT with nanoscale lateral dimensions,
and patterned metal gate electrodes. Owing to the high capacitance of this ultra-
thin AlOx/SAM hybrid dielectric, pBTTT nanotransistors operate at very low input
voltages (<3V), low leakage currents (<5pA) and relatively high on/off ratios (∼103).
Furthermore, optimization of the atomic force microscopy imaging process of pBTTT
films directly reveals the morphology and size distribution of nanoscale crystallites
within pBTTT terraces. The observed crystallite diameter is twice as high as previous
literature values.

Keywords: organic spintronics, thin-film transistors, self-assembly, organic electron-
ics, spin-valves, organic semiconductors, poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-
b]thiophene, PBTTT, poly-(3,4-ethylene-dioxythiophene):poly(styrenesulfonic acid), PE-
DOT:PSS
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Resumen

La electrónica orgánica o la electrónica plástica, es una rama de la ciencia de los ma-
teriales dedicada a la comprensión de los procesos electrónicos en la materia orgánica,
como la transferencia de carga (de corto alcance) o el transporte de carga (de largo
alcance). Los dispositivos electrónicos orgánicos se fabrican con semiconductores basa-
dos en carbono, tales como pequeñas moléculas y polímeros de sistema conjugado. Ésto
contrasta con la electrónica tradicional, que se basa en semiconductores o conductores
inorgánicos, tales como el Silicio o el Cobre. Los semiconductores orgánicos (OSC) ofre-
cen muchas ventajas sobre los materiales electrónicos tradicionales . Su procesamiento
por lo general requiere métodos de fabricación de bajo coste, como recubrimiento por
inmersión, impresión por chorro de tinta, estampado, sublimación a la temperatura
ambiente, auto-ensamblaje, etc. El procesamiento de semiconductores orgánicos se rea-
liza generalmente a bajas temperaturas (<180◦C), lo que permite la integración con
sustratos flexibles (p.e. hojas de plástico), y como consecuencia la ampliación de la
gama de aplicaciones que requieren dispositivos electrónicos. Por otra parte, los OSC
se pueden modificar químicamente y sus propiedades se pueden fácilmente ajustar para
cumplir con los requisitos de la aplicación. Los avances en la electrónica orgánica han
sido notables en las últimas décadas, tanto desde el punto de vista fundamental como
técnico. Actualmente, los diodos orgánicos emisores de luz (OLED) son la principal
tendencia tecnológica en el mercado de las pantallas. De hecho, incluso la curvatura de
los aparatos de televisión flexibles basados en OLED ya pueden ser controlados. Otra
potente tecnología basado en OSCs son los dispositivos fotovoltaicos orgánicos (OPV).
Sin embargo, aunque las células solares orgánicas con un récord de eficiencia del 12%
se han logrado a escala experimental en el laboratorio, el mantenimiento de la alta
eficiencia en la producción en cadena (por ejemplo, procesamiento rollo-a-rollo) ha de-
mostrado ser muy complicado. Otra tecnología interesante son los transistores de efecto
de campo orgánico (OFET), que hasta ahora han tenido menos éxito comercial, pero
siguen siendo un tema de gran actividad de investigación académica y de desarrollo
industrial a pequeña escala.

Las aplicaciones mencionadas hasta ahora se basan exclusivamente en electrones de
transporte de carga en materiales funcionales, sean orgánicos o inorgánicos. Los elec-
trones, sin embargo, son partículas subatómicas elementales que poseen tanto carga
como un momento angular intrínseco de espín 1

2 h̄. En consecuencia, la información
almacenada en el espín se ignora en gran medida en la mayoría de las aplicaciones
electrónicas. Con el objetivo de explotar las propiedades del espín en la electrónica de
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estado sólido, ha surgido un área de investigación relativamente nuevo - electrónica
basada en el espín, o espintrónica. Tal vez la primera observación de que el espín de
un electrón puede afectar transporte de carga fue en el año de 1856, cuando William
Thomson (también conocido como Lord Kelvin) demostró que dependiendo de la orien-
tación y la fuerza de un campo magnético externo aplicado a un metal ferromagnético,
se puede alterar la resistividad eléctrica. Este fenómeno se conoce como la magneto-
rresistencia anisótropa (AMR), y se introdujo en aplicaciones comerciales por primera
vez en 1991 por IBM. Los dispositivos de espintrónica más prometedores de hoy en
dia son las memorias de acceso aleatorio magnetorresistivas (MRAM) basadas en los
fenómenos de transferencia de momento magnético del espín (STT), que están siendo
desarrollados por la industria de almacenamiento de información. Este dispositivo, lla-
mado STT-MRAM, se basa directamente en conmutación del estado de resistencia de
una célula de memoria por la transferencia del momento de espín, sin la necesidad de
un campo magnético externo. Esto es muy ventajoso ya que permite la completa ope-
ración eléctrica (respuesta rápida), operación lógica en conjunción con una función de
memoria, y puede ser fácilmente miniaturizado debido al circuito integrado simplificado
(IC).

La comercialización de dispositivos que muestran magnetorresistencia (MR) ha sido
muy estimulado por el descubrimiento del efecto de magnetorresistencia gigante (GMR)
a principios de 1988 por Baibish et al. El efecto GMR se observó en estructuras de
películas delgadas de múltiples capas compuestas de metales ferromagnéticos (FM)
separadas por capas metálicas no magnéticas (NM). Debido a la separación impartida
por las capas de metal NM, la magnetización de las capas de FM puede revertir de forma
independiente. Se ha observado un fuerte efecto de MR al cambiar la orientación relativa

PEDOT

PSS

(CH2)15

(CH2)15pBTTT

Semiconductores orgánicos estudiados en esta tesis. En la izquierda, la estructu-
ra química del polímero conductor poli-(3,4-etileno-dioxitiofeno):poli(ácido estirenosul-
fónico) (PEDOT:PSS). En la derecha, la estructura química del polímero semiconductor
poli[2,5-bis(3-alquiltiofeno-2-il)tieno[3,2-b]tiofeno (pBTTT).
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de los momentos magnéticos de las película FM, que fué un orden de magnitud superior
a efectos de MR vistos en dispositivos basados en AMR. El mecanismo fundamental
detrás de las grandes señales de MR obtenidas fue la conservación de la orientación del
espín al cruzar la interfaz FM/NM. Un efecto MR gigante surgió cuando la capa de
material NM tenía un espesor comparable a la longitud de difusión del espín (Lsf ) en
este metal. Desde este descubrimiento, la investigación de los fenómenos relacionados
con el espín de los electrones se ha convertido en un área de investigación muy activa
debido a su potencial hacia la física fundamental y las aplicaciones, y ha sido testigo
de numerosas ramificaciones a lo largo de la última década.

Entre ellos, la búsqueda de espaciadores NM que ofrecen más funcionalidades es nota-
ble. Por ejemplo, considerables esfuerzos se han puesto en el uso de los semiconductores
inorgánicos (por ejemplo Si, GaAs), debido a la posibilidad de su integración en tecnolo-
gías existentes, y la posibilidad de realizar lógicas de computación cuántica. Motivado
por la demanda de las nuevas tecnologías, ha surgido otra área de investigación in-
teresante que tiene como objetivo la integración de los materiales orgánicos con los
dispositivos de espintrónica. Más allá de las características fascinantes que ofrecen los
OSC, como la flexibilidad y el bajo coste de fabricación, la característica que realmente
atrajo a la comunidad espintrónica fue el bajo peso atómico (Z) de los elementos que
componen la mayor parte de los OSC (por ejemplo, C, H, N, O). La interacción hiperfi-
na (HI) y la interacción del espín-órbita (SOI) se ha sabido durante mucho tiempo que
son las principales causas de dispersión del espín de los electrones. Como la interacción
espín-órbita es proporcional a Z4, se espera que el tiempo de vida de espín en OSCs
debe ser mucho más larga que sus homólogos inorgánicos (por ejemplo de Si, Cu). La
interacción hiperfina, que resulta de la interacción del espín del electrón con momentos
magnéticos nucleares, todavía existe en los OSC debido a la presencia de átomos de H
(espín nuclear 1/2). Sin embargo, esta interacción es considerada muy débil en com-
paración con la componente del SOI. Otros aspectos importantes de los OSCs son sus
bajas movilidades (10−5-101 cm2/Vs) y las bajas densidades de portadores de carga.
El transporte de carga en estos materiales se caracteriza por saltos incoherentes entre
estados localizados. Estos estados electrónicos son tan estrechos que la conducción no
puede ser tratada por las teorías de la banda clásicas. El transporte de carga a través
de un ancho de banda estrecho (típicamente 0.1eV) alrededor de los orbitales molecu-
lares localizados es seguido generalmente por una distorsión en la estructura molecular
locales (polarones). Curiosamente, a pesar de las bajas movilidades en los OSC, se ob-
tienen relativamente largas longitudes de difusión de giro debido a los largos tiempos de
relajación del espín, que pueden alcanzar valores superiores a 10µs. Por ejemplo, para
pequeñas moléculas semiconductoras como cristales de rubreno con estructura optimi-
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zada, existen estimaciones teóricas de que la longitud de difusión del espín podría ser
incluso más grande que un milímetro.

En esta tesis, nanoestructuras híbridas orgánico-inorgánico a nanoescala son investi-
gads como componentes de dispositivos electrónicos funcionales. Se han estudiado dos
temas en este trabajo. En la primera parte, válvulas de espín orgánicas, un concepto
novedoso que permite el almacenamiento de información en los dispositivos electrónicos
orgánicos. El trabajo presentado sirve como base para la comprensión de la integración
de polímeros conductores con materiales ferromagnéticos, y los fenómenos de transpor-
te de espín en dispositivos laterales a nanoescala. El segundo tema aborda transistores
orgánicos de película delgada, que permiten la fabricación de circuitos integrados a
través de los métodos de fabricación de bajo coste (por ejemplo, procesamiento de la
solución). Se presenta una investigación experimental sobre dieléctricos de puerta basa-
dos en capas auto-ensambladas y su interacción con los polímeros semiconductores de
alta cristalinidad. Otro aspecto importante estudiado en esta tesis, es la miniaturización
de dispositivos. La reducción de los dispositivos de dimensiones nanoscópicas no sólo
puede mejorar las propiedades conocidas, sino que puede dar lugar a nuevas funciona-
lidades. Por ejemplo, la reducción de longitudes de canal OFET (L) puede mejorar la
frecuencia de funcionamiento máxima (f ) de estos dispositivos desde que f∝1/L. En el
caso de los dispositivos de espintrónica orgánicos, la fabricación a escala nanométrica
es imprescindible para su funcionamiento, pues las longitudes de difusión del espín en
estos materiales son relativamente cortas.

Esta tesis está organizada de la siguiente forma. En la primera parte, se ha estudiado el
transporte eléctrico del polímero de alta conductividad poli-(3,4-etileno-dioxitiofeno):poli(ácido
estirenosulfónico) (PEDOT:PSS) con electrodos óhmicos y electrodos de túnel de espín

a. b.

c.

Si Substrate

NiFe

SiO2

AFM
Profile Al2O3

Type 1 Type 2

d.

e. 1µm  

15µm

2µm

Válvulas de espín laterales (Tipo 1 ) y las sondas de cuatro puntos (Tipo 2 ).
Las válvulas de espín interdigitados de dos terminales típicas están basadas en nanoe-
lectrodos con polarización de espín de NiFe/AlOx. Las sondas de cuatro puntos han
sido utilizadas para medidas eléctricas a baja escala. Ambos dispositivos se utilizan
para estudiar el transporte de carga y de espín en PEDOT:PSS.
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polarizados de dimensiones laterales a nanoescala. Las mediciones del transporte de
carga en función de la temperatura revelaron que la conductividad eléctrica varia no
linealmente en función de la distancia entre electrodos, lo que se atribuye a la locali-
zación de portadores de carga inducidos por el desorden causado por el polielectrolito
PSS. Además, la integración de este polímero conductor en dispositivos de válvula de
espín laterales nanométricos se ha demostrado mediante el control del pH de la solu-
ción PEDOT:PSS, y protegiendo los contactos ferromagnéticos con una barrera de un
óxido de metal (AlOx). Se presentan los resultados de medidas de transporte y magne-
toresistencia de las estructuras laterales de NiFe/AlOx/PEDOT:PSS/AlOx/NiFe para
diferentes espesores de las barreras del túnel de alúmina. La ausencia de la magnetorre-
sistencia en estas válvulas de espín se interpreta en el marco de la teoría de Valet-Fert,
y los resultados muestran ser válidos para la estimación de un límite máximo de tiempo
de vida del espín de los portadores de carga en PEDOT:PSS.

S D

GAl AlOx

Au

ODPA:PHDA
Au

500nm

P
HO
HO

O

P
HO
HO
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(CH2)13(CH2)13

(b) (c)(a)

Transistores orgánicos de baja tensión con electrodos de puerta híbridos y
estampados. Se investigan dieléctricos de compuerta ultrafinos basados en monocapas
auto-ensambladas de tipo mixto (derecha) y su interacción con pBTTT.

En la segunda parte, se han estudiado dieléctricos de compuertas híbridas ultrafinas
basados en óxido de aluminio (AlOx) y monocapas (SAM) autoensambladas de ácido
fosfórico de tipo mixto con un polímero semiconductor líquido cristalino de alto ren-
dimiento, el poli[2,5-bis(3-alquiltiofeno-2-il)tieno[3,2-b]tiofeno (pBTTT). Mediante el
co-ensamblaje de los grupos terminales carboxilo y metilo del SAM se puede obtener
una alta energía superficial, y recuperar los niveles de fuga de corriente obtenidos con
monocapas con terminaciones de metilo puras. El análisis de microscopía de fuerza ató-
mica muestra que la química superficial de la SAM mixta subyacente tiene un fuerte
impacto en la morfología de las películas de pBTTT, y en consecuencia en su respues-
ta eléctrica. Se ha observado una fuerte mejora en las características del transistor de
efecto de campo a baja concentración del grupo carboxilo, acompañado por la apari-
ción de la conocida microestructura del pBTTT de tipo terraza para las monocapas
con energías superficiales más bajas. Aunque la morfología de terrazas ya es conocida
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Nanotransistores de pBTTT con electrodos de compuerta híbridos estam-
pados. Los dispositivos con canales de hasta 20nm, en las dimensiones de un cristal de
pBTTT, han sido fabricados y estudiados.

para este polímero, nunca se ha observado en los electrodos metálicos estampados, que
constituyen la estructura básica de los circuitos integrados.

En la última parte de esta tesis, se estudia aún más la estrategia de los SAM mixtos
para la fabricación de transistores de efecto de campo basados en pBTTT con dimen-
siones laterales nanométricas, y electrodos de puerta de metal estampado. Debido a la
alta capacitancia de estos dieléctricos híbridos ultrafinos AlOx/SAM, los nanotransis-
tores de pBTTT operan a tensiones de entrada muy bajos (<3V), a bajas corrientes
de fuga (<5pA), y a relativamente altos ratios de ON/OFF (103). Por otra parte, la
optimización del proceso de las imágenes de microscopía de fuerza atómica de las pelí-
culas de pBTTT revela directamente la morfología y la distribución del tamaño de los
cristales nanométricos dentro de las terrazas de pBTTT . El diámetro de los cristales
observados es el doble de los valores encontrados en la bibliografía.

Palabras clave: espintrónica orgánica, transistores de película delgada, autoensam-
blaje, electrónica orgánica, válvulas de espín, semiconductores orgánicos, poli[2,5-bis(3-
alquiltiofeno-2-il)tieno[3,2-b]tiofeno, pBTTT, poli-(3,4-etileno-dioxitiofeno):poli(ácido
estirenosulfónico), PEDOT:PSS
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1 Introduction

Nanotechnology is the manipulation of matter on supramolecular, molecular, or even
atomic length scales.[1] Since this field of research and technology is simply defined in
terms of sizes, it encompasses a broad range of sciences, including biology, materials
science, physics, chemistry, etc.[2]; and applications ranging from microelectronics to
medicine. In fact, most of the electronic devices in current society (e.g. smartphones,
laptops, etc) benefits from nanotechnologies. At the heart of these technologies lies
what is maybe the most important invention of the twentieth century – the transistor.
This is the key component of modern technologies, and is used to switch and/or amplify
electronic signals. Current state-of-the-art, high-end microprocessors are being shipped
with the so-called "22 nanometer technology node" (e.g. Intel’s Haswell Microproces-
sors), which means that the half-pitch of the lateral features in these devices have only
22nm. Highly scaled devices also means that more transistors can fit in a chip – today’s
microprocessors are manufactured with a staggering number of transistors (>1.8 billion
with current technology).

Reduction of transistor dimensions to improve performance – as dictated by the well-
known "Moore’s Law" – is nearing its end, and the Semiconductor Industry is facing
ever increasing challenges. This is easily understood since for this technology node
layers of dielectric materials must be on the order of 0.5-1nm thick (a few atoms),
and even advanced thin-film deposition techniques such as atomic layer deposition
(ALD) fail in producing devices with no faults. In fact, Intel’s release of the next
semiconductor technology node (14nm) that was expected for the year 20141 may be
potentially postponed to the upcoming year due to defects in their microprocessors. The
end of Moore’s Law signs the emergence of an era where microelectronics technology is
not solely dominated by silicon-based materials & devices, and top-down fabrication (i.e.
photolithograpy, reactive ion etching, etc) is not the unique manufacturing approach at
the nanoscale. The industry is now faced with a new trend, the so called "More-than-
Moore", where value is added in the devices not by following the size scaling rules of
Moore’s Law, but by incorporating new materials and functionalities.[3] This paradigm

1As predicted by the International Technology Roadmap for Semiconductors (ITRS).
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1 Introduction

shift has been anticipated a couple of decades ago, and several research areas have
emerged to meet the demand for new technologies.

1.1 Organic Materials for Electronic and Spintronic
Applications

Although silicon-based devices will continue being the major player in solid-state elec-
tronics in the foreseeable future, other exciting technologies exist. Among them lies
organic electronics (or plastic electronics), a branch of materials science devoted to the
understanding of electronic processes in organic matter, such as short range charge
transfer or long-range charge transport. Organic electronic devices are manufactured
with carbon-based semiconductors, such as π-conjugated small molecules and polymers.
This contrasts with traditional electronics, which relies on inorganic semiconductors or
conductors such as silicon or copper.

Organic semiconductors (OSC) offers many advantages over traditional electronic ma-
terials. Their processing usually requires low-cost fabrication methods, such as spin-
coating, ink-jet printing, stamping, sublimation at or near-room temperature, self-
assembly, etc. Organic semiconductor processing is usually performed at low tem-
peratures (<180◦C) allowing integration with flexible substrates (e.g. plastic sheets),
widening the range of applications requiring electronic devices. Moreover, OSCs can
be chemically tuned and a vast range of properties can be tailored to fulfil application
requirements. Progress in organic electronics has been remarkable in the past decades,
both from the fundamental and technological standpoint. Organic light emitting diodes
(OLED) [4] are currently the main technological trend in the display market. In fact,
even the curvature of OLED-based bendable television sets can be controlled. An-
other potential technology based on OSCs are organic photovoltaics (OPV). However,
although organic solar cells with record efficiency of 12% have been achieved in labora-
tory scale experiments, keeping high efficiency in up-scaled manufacture (e.g. roll-to-roll
processing) has proven difficult. Another exciting technology is the organic field-effect
transistor (OFET) [5–7], which so far has had less commercial success, but remains a
highly active topic of academic research and small-scale industrial developments (e.g.
Plastic Logic).

The applications mentioned so far rely exclusively on electron (or hole) charge transport
in functional materials, be it organic or inorganic. Electrons, however, are subatomic
elementary particles that possess both charge e and an intrinsic angular moment of 1

2 h̄
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1.1 Organic Materials for Electronic and Spintronic Applications

(spin). Consequently, the spin information stored in electrons is largely neglected in
the majority of electronic applications. Aiming at exploiting the electron spin dregree
of freedom in solid state electronics, a relative new research has emerged – spin-based
electronics, or spintronics for short. Perhaps the first observation that the spin of an
electron can affect charge transport dates back to 1856, when William Thomson (also
known as Lord Kelvin) demonstrated that depending on the orientation and strength
of an external magnetic field applied to a ferromagnetic metal, the electrical resistivity
changes. This phenomenon is known as anisotropic magnetoresistance (AMR), and was
introduced in commercial applications for the first time in 1991 by IBM [8]. Today’s
most promising spintronic devices are the magnetoresistive random-access-memories
(MRAM) based on spin torque transfer phenomena (STT), which is under development
by the information storage industry. This so-called STT-MRAM directly relies on spin-
polarized electrons switching the resistance state of a memory cell, without an external
magnetic field. This is very advantageous since it allows an all-electrical operation
(fast response), all-spin logic operation with built-in memory[9], and can be easily
miniaturized due to the simplified integrated circuit (IC).

The commercialization of devices showing magnetoresistance (MR) has been much
stimulated by the discovery of the giant magnetoresistive effect (GMR) a few years
earlier in 1988 by Baibish et al.[10]. The GMR effect was observed in multi-layered thin-
film structures comprised of ferromagnetic (FM) metal spaced by non-magnetic (NM)
metal layers. Due to the decoupling imparted by the NM metal layers, magnetization
of the FM layers can reverse independently. A strong MR effect was found upon
switching the relative orientation of the FM film magnetic moments (parallel or anti-
parallel alignment), which was an order of magnitude higher than MR effects seen
in AMR-based devices [10, 11]. The fundamental mechanism behind the large MR
signals obtained was the conservation of the spin orientation upon crossing the FM/NM
interface. A giant MR effect arose when the NM spacer had its thickness comparable
to the spin diffusion length, Lsf , of the electrons into the NM metal (usually copper).

Since this discovery, investigation of phenomena involving the spin of electrons has
become a very active research area due to its rich physics and potential towards
applications[12, 13], and has seen numerous ramifications along the last decade. Among
them, the search for NM spacers offering more functionalities is noticeable. For in-
stance, considerable efforts have been put in the use of inorganic semiconductors (e.g.
Si, GaAs) due to their tuning capabilities and the possibility of realizing quantum com-
putation logics [14–19]. Triggered by the demand of new technologies, another exciting
research area has emerged that aims at integrating OSC materials with spintronics de-
vices. Beyond the fascinating features offered by OSC, such as flexibility and low-cost

3



1 Introduction

manufacturing, the characteristic that really attracted the spintronic community was
the low atomic weight of the elements composing most OSC (e.g. C, H, N, O) [20].
Hyperfine (HI) and spin-orbit interaction (SOI) have been long known to be the main
causes of spin scattering of electrons. Since spin-orbit interaction is proportional to
Z4, the spin life time in OSC is expected to be much longer than its inorganic coun-
terparts (e.g. Si, Cu). Hyperfine interaction, which results from the interaction of
electron spin with nuclear magnetic moments, still exists in OSC due to the presence of
H atoms (nuclear spin 1

2).[21] However, this interaction is considered to be very weak
in comparison to the SOI component.

Another important aspect of OSCs are their intrinsically low carrier mobility (10−5 − 101 cm2/Vs)
and low carrier density. Charge transport in these materials is characterized by inco-
herent hopping between localized states. These states are so narrow that conduction
cannot be treated by classical band theories. Charge transport through a narrow band-
width (typically 0.1 eV [22]) around the localized molecular orbitals (HOMO – the
highest occupied molecular orbital, or LUMO – lowest unoccupied molecular orbital) is
generally followed by a distortion in the local molecular structure (polarons). Further-
more, disorder that is characteristic of polymer OSC complicates even more the charge
transport due the creation of a larger density of trap states. Interestingly, despite of
the low mobilities in OSC, relatively long spin diffusion lengths are obtained due to the
long spin relaxation times, which can reach values in excess of 10 µs [20]. For small-
molecule OSCs like rubrene crystals with optimized structure, for example, there are
estimates that the spin diffusion length could be even larger than a millimeter [23].

1.2 Organic Semiconductors

It is intuitive for the understanding of organic semiconductors (OSC) to start a dis-
cussion from the basic constituents of this class of materials. Organic semiconductors,
as any other organic material, are mostly constituted of carbon and hydrogen, but, to
a lower extent, may also contain nitrogen, sulphur, oxygen, phosphorous, and fluorine
atoms. OSCs are electrically insulating in their pristine state, but can be made conduc-
tive under the influence of external stimuli (e.g. electric field, temperature, doping).

An isolated carbon atoms has six electrons in its ground state. Four of them are
located in the valence shell – two 2s, and two 2p orbitals. However, in order to achieve
a more stable configuration when covalently bonded to other atoms, the wavefunctions
of the s and p orbitals hybridize. In simple terms, the valence electrons try to be
as far apart from each other in order to easily accommodate (less repulsion) adjacent
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1.2 Organic Semiconductors

atoms. The hybridization type depends on the type and number of atoms carbon is
bonded to, which ultimately defines the shape and properties of the molecules. Of
particular interest for for today’s OSCs is the sp2 hybridization, which results from the
hybridization of three carbon orbitals (2s, 2px, 2py) to form three identical trigonal-
planar aligned sp2-hybridized orbitals, with a 2pz orbital pointing out perpendicular to
the plane. In a molecule, when sp2-hybridized carbon atoms are adjacent to each other,
the electron density of the neighboring localized 2pz-atomic orbitals overlap to form
a π-bond. Therefore, the electron wavefunction of these valence electrons can spread
over the length of the molecule (delocalization), creating a way in which charge carriers
can propagate in organic solids.

H

H

H
H

H

H H
H

H
H

H

H

C C

H

C

H

C

sp3All carbon atoms sp2

CC

CC
C

(a) (b)

Figure 1.1: The molecular structure and π-orbitals of (a) 1,3-butadiene and (b) 1,4-
pentadiene. For the latter, the presence of a sp3 hybridized atom disrupts
the electron delocalization.

As indicated in Figure 1.1(a), when a sequence of sp2-hybridized carbon atoms are
arranged in a chain, the delocalization of the wavefunction can extend over all the
atomic units of the molecule. This is also known as π-conjugation, and is characterized
by an alternation of single (σ) and double bonds (π and σ) in a molecule. The sp2

hybridization is fundamental charge transport in organics. For instance, if an sp3

carbon atom is present on the molecule the π orbital system is disrupted, compromising
long-range charge transport, as illustrated in Figure 1.1(b).

The π-electrons in molecules can be viewed as a "particle-in-a-box" system from quan-
tum mechanics. The electrons (particles) occupy discrete energy levels in the molecule
(box). Of particular interest are the frontier quantum states, namely the highest occu-
pied molecular orbital (HOMO), and the lowest unoccupied molecular orbital (LUMO).
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Figure 1.2: Band diagram for metals (left) and molecules (right).

The size of the π-conjugation determines the extent of confinement of the possible quan-
tum states, which also in turn defines the HOMO-LUMO energy gap. The smaller the
π-conjugation length, the higher will be the energy gap. For instance, benzene molecule
with six sp2 carbon atoms has an energy-gap of 6eV, while for molecules with larger
π-conjugation such as Pentacene this value goes down to 2.1eV.[24] Simplified electronic
band-diagrams of metal and molecules are illustrated in Figure 1.2.

Organic semiconductors can be further classified in two groups, which are normally
refereed to as small molecules and polymer semiconductors. This distinction is im-
portant since the morphology, physical properties, and processing methods of OSCs
can vary drastically depending on the molecular weight of the molecule. For instance,
small molecules can be processed from the gas-phase (sublimation) and form very large
crystals (e.g. rubrene), whereas polymer processing is largely done from solution and
generally results in low crystallinity.

1.2.1 Polythiophene-based materials for Organic Electronics

In the previous section, it has been learnt that OSCs are mostly composed of a π-
conjugated chain of hydrocarbons. Although these simple acyclic alkene structures have
been fundamental for the understanding of charge transport in organic materials2, it has
found little use in real applications. For instance, doped polyacetylene was found to be
highly unstable to oxygen exposure.[28] The appearance of carbonyl groups (or others)

2The discovery of electrical conductivity in polymers by H. Shirakawa, A. J. Hegger, and A. G.
MacDiarmid[25] came from the study of a simple hydrocarbon polymer, the polyacetylene (CsHs)n.
A nice review of earlier achievements in the area of conducting polymers can be found in Refs.
[26, 27]
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upon air exposure highly degrades the electrical conductivity due to the formation of
sp3 units, therefore hindering its widespread use.

S n

Figure 1.3: The chemical structure of polythiophene, with the reminiscent molecular
structure of polyacetylene highlighted (in violet).

The problem of these simple conjugated polymers is that their ionization potential
(IP) is relatively low (4.7eV for polyacetylene), which renders the OSC prone to attack
from oxidative species such as oxygen. Several metals have IPs of similar magnitude
of that of polyacetylene. However, oxygen is able to diffuse easily into the bulk of
polymeric materials, whereas in most metals a protecting passivating oxide layer is
formed at its surface. To solve this issue, several alternative polymers have been put
forward, such as polyphenylenes, polyanilines, and polythiophenes. The aromaticity
of these compounds confers very good chemical and thermal stability, as compared
to the chain in extended polyacetylenes. Among them, polymers based on thiophene
heterocycles enjoy high IP (>5eV), together with remarkable flexibility for synthetic
manipulation. The basic chemical structure of polythiophenes is shown in Figure 1.3.
The sulphur atom in the thiophene monomer has two lone electrons pairs, one sp2-
hybridized and another non-hybridized p orbital, which participates in the cyclic six
electron π-system. It interesting to note that the molecular structure of this polymer is
similar to polyacetylenes (highlighted in the figure), but with raised energy levels due
to the heterocycle and aromacity.

Polythiophenes are insoluble and infusible, so in the early days it was synthesized ex-
clusively by electropolymerization.[29] The resulting material was amorphous and had
poor electrical performance.[5] It was later discovered that adding an alkyl side chain
to the thiophene heterocycle allowed the synthesis of this polymer with standard syn-
thetic chemical methods.[30] In 1995, this method was perfected in order to synthesize
soluble regioregular alkyl polythiophenes – e.g., the Poly(3-hexylthiophene-2,5-diyl)
(rr-P3HT).[31] The regular ordering of alkyl sidechains promoted dramatic improve-
ment in the polymer packing organization, which led to over three orders of magnitude
improvement in its carrier mobility.

The following sections describes the two polythiophene-based materials studied in this
thesis, namely the poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-b]thiophene (pBTTT),
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and the poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS). Al-
though their chemical structure and properties are remarkably different, both polymers
share a thiophene-based backbone.

Poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-b]thiophene) - pBTTT

Further development of polythiophene-based materials has been achieved recently by
McCulloch et al. [32]. In order to improve the mobility of carriers in this polymer they
successfully performed a few changes in the monomer structure. On the one hand, they
introduced regiospecifically the linear conjugated thieno[3,2-b]thiophene structure in
the monomer. On the other hand, rather few alkyl chains are present in this polymer,
as seen in Figure 1.4, but the presence of the rigid and planar thieno[3,2-b]thiophene
co-monomer confers superior π-stacking ability with adjacent chains. Besides promot-
ing enhanced intermolecular charge transport, this fused thiophene heterocycle also
increases the IP (5.1eV) due to resonant stabilization, giving the polymer better chem-
ical stability. Furthermore, the reduced density of alkyl side groups critically reduces
steric hinderance caused by excessive volume of side chains.

This molecular architecture gives the polymer a liquid-crystalline behaviour, allowing
it to form highly crystalline thin-films. As seen in the atomic force microscopy image
of Figure 1.4, the pBTTT tends to form large two-dimensional (2D) terrace-like sheets
after appropriate annealing. Thin-films of pBTTT are composed of several stacks of
molecular crystals aligned edge-on with the surface. This molecular arrangement is
highly interesting for situations in which 2D charge transport is required. This is the
case for field-effect transistor devices, in which charge carriers takes place almost exclu-
sively at the first semiconducting layer interfacing the gate dielectric. In fact, pBTTT
has one of the highest reported field-effect mobilities to date for polymer transistors,
amounting to 1cm2V−1s−1 in optimized devices. Moreover, the HOMO-LUMO gap of
pBTTT is 2eV, conferring its semiconducting behavior and very good current on-off
ratios (107-10−9).

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) - PEDOT:PSS

Now we turn our attention to another polythiophene-based OSC investigated in this the-
sis, namely the poly(3,4-ethylenedioxythiophene) (PEDOT). In contrast to the pBTTT
discussions of the previous section, this material is designed to show ohmic instead of
semiconducting behavior. However, as it has been already discussed, polythiophenes are
natively semiconducting and have a large bandgap at the Fermi energy level. Therefore,
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Figure 1.4: The chemical structure of pBTTT and a representation of its terrace-like
molecular stacking (top). In the (bottom), an atomic force microscopy image
of an dewetted pBTTT thin-film. The dark areas in the image represent the
sample substrate. The large pBTTT terrace stacks are clearly visible in the
image, together with white bumps resulted from the dewetting process. The
substrate consists of an ultra-smooth (Rq=0.2) atomic-layer deposited AlOx
treated with highly hydrophobic octadecylphosphonic acid self-assembled
monolayer.

in order to render this material electrically conductive, oxidative doping is normally
carried out.

An alternative, but elusive route to obtain metallic-like conductivity in OSC is to design
conjugated molecules with very low, or ideally zero energy bandgap.[33] The problem
with this strategy is that in order to suppress the bandgap, the HOMO level must be
increased concurrently with a LUMO level decrease. Although materials with very low
bandgaps can be synthesized, they are highly unstable in air due to the very low IP.
PEDOT, however, has been designed in order to have decent environmental stability,
and therefore possesses an intermediate energy bandgap of 1.6eV (2eV for pristine
polythiophene), which also implies that it must be doped to become conductive.

The widespread success of PEDOT as conducting material is the result of an ingenious
molecular engineering of its monomer, the 3,4-ethylenedioxythiophene (EDOT).[34, 35]
As seen in Figure 1.5, the EDOT consists of a simple thiophene ring fused to an oxygen-
containing ethylenedioxy heterocycle. The substitutions at β positions completely elim-
inates non-α polymerization reactions, allowing the synthesis of high-quality stereoreg-
ular polymer chains. The insertion of strong electron-donating groups (ether) at the 3,4
β-positions decreases the oxidation potential of the molecule, together with a relative
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increase of the reactivity at the alpha α sites for polymerization.[36] The reduced oxi-
dation potential of the monomers translates in improved stability of its radical cations.
Note that radical cations (polarons or bipolarons) form the basis for electrical conduc-
tion, which for PEDOT is engineered for stability. Another aspect is that the ether
groups at the β positions are covalently bonded forming a rigid, planar heterocycle.
This rigid architecture avoid steric distortions of the π-system, of an otherwise singly
or non-cyclic doubly substituted thiophene. This, together with the cationic mesomeric
stabilization of the π-conjugation promoted by the oxygen and sulphur atoms, leads
to reduced bandgaps. Therefore, the synergy between planarization, extension of π-
conjugation, and electron-donating substitution allows hole-conducting polymers with
high stability and relatively low energy bandgap.

PEDOT

PSS

α-position

β-position

Figure 1.5: The chemical structure of PEDOT:PSS. In the fully doped state, this con-
ducting polymer has one positive charge (e hole) for each three EDOT rings.

Although the EDOT monomer is soluble in water, the PEDOT resulting from electro-
chemical or oxidative polymerization is not. Therefore, PEDOT is normally synthesized
in its doped form, wherein the dopant counterion simultaneously confers conductivity
and solubility. Several acids qualify as dopants for conducting polymers, being the
most used the polystyrenesulfonic acid (PSS). The strong acidity of its sulfonic acid
groups, its solubility in water, its excellent film-forming properties, its transparency to
light in the visible spectral range, make PSS an industrial standard for PEDOT:PSS
manufacture.
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1.3 Outline of this Thesis

In this thesis, nanoscale hybrid organic-inorganic nanostructures are investigated as
components of functional electronic devices. Two topics are covered in this work. The
first topic deals with organic spin-valves, a novel concept that allow information storage
in organic electronic devices. The work serves as basis for the understanding of inte-
gration of conductive polymers with with ferromagnetic materials and spin-transport
phenomena in nanoscale lateral devices. The second topic addresses organic thin-film
transistors, which allow the manufacture of logic integrated circuits via low-cost fabrica-
tion methods (e.g. solution processing). A thorough experimental investigation on self-
assembled monolayer based gate dielectrics and its interaction with highly-crystalline
polymer semiconductors is presented. Another important aspect covered in this thesis
is device miniaturization. Reducing devices to nanoscopic dimensions not only can
improve known properties, but can give rise to novel functionalities. For instance, re-
ducing OFET channel lengths (L) can improve the maximal operation frequency (f ) of
these devices since f∝1/L. In the case of organic spintronic devices, nanometric scale
manufacturing is imperative for its functionality since spin diffusion lengths in these
materials are relatively short.

This thesis is organized as follows. In Chapter 2, a general overview of the concepts and
theory behind electron transport processes in organic semiconductors is presented. Em-
phasis is given to charge transport models and equations utilized throughout this work,
for both pristine and highly doped organic semiconductors. The fundamentals of spin
injection, transport and detection in semiconductors are thoroughly described. This
additionally includes relevant information regarding spin injection with finite interface
resistances, device architecture, and its implications to organic spintronics. Chapter 3
is devoted to the experimental methods developed for the fabrication of high-quality
organic electronic devices, which included laterally patterned spin-valves and OFETs.
The characterization techniques and details of organic semiconductor processing are
also presented. In Chapter 4 a comprehensive study on the spin and charge transport
processes in lateral spin-valves based on PEDOT:PSS is presented. Charge transport
of PEDOT:PSS is studied with both ohmic and spin-polarized tunneling electrodes at
nanometric dimensions, wherein it is demonstrated that conductivity in these confined
dimensions scales non-linearly with nanoelectrode spacing. Magnetotransport mea-
surements along with device modelling allowed the estimation of an upper limit for
the spin lifetime in this conducting polymer. In Chapter 5, a novel ultra-thin hybrid
gate dielectric based on mixed-type phosphonic-acid SAM is introduced. SAMs con-
taining carboxylate and/or methyl-terminated molecules are studied with respect to
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their surface energy and leakage current levels. It is found that by simple improvement
in the assembly process, one can obtain high surface energy, while retaining the low-
leakage levels that was previously observed only in pure alkyl-terminated SAMs. The
electrical characteristics of TFTs based on pBTTT, and the impact of the underlying
mixed-SAM dielectrics on the polymer morphology are presented. Chapter 6 extends
the mixed-SAM approach for TFTs with highly scaled channel lengths (L∼30nm). As
it is demonstrated, the average diameter of pBTTT nanocrystallites compares to the
lateral dimensions of the device, allowing TFT operation with a few crystallites. More-
over, given the high capacitive coupling obtained with ultra-thin AlOx/mixed-SAM
dielectrics, the pBTTT nanotransistors are operated at very low-voltages (<3V) with
good on/off ratios. Finally, a summary of the findings of this work and an outlook of
possible research directions are given in Chapter 7.
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2 Fundamental Background

In this chapter, the concepts necessary for the understanding of charge and spin trans-
port in organic semiconductors are briefly described. The basic theory of hopping trans-
port, field-effect transistors, and spin-polarized transport are also reviewed, providing
the reader the necessary knowledge for the following chapters.

2.1 Charge Carrier Transport in Organic
Semiconductors

Organic semiconductors have been introduced in Chapter 1, with special focus on the
relationship between chemical structure of individual molecules and their electronic
properties. Although electronics with single molecules is an active research topic[37],
this thesis concerns exclusively with condensed matter in the solid state. For elec-
tron transport at larger scales, which may be determined by the device dimensions,
intermolecular electronic transport becomes as important as intramolecular transport.
For example, the electronic coupling between two π-stacked tetracene molecules has
been shown to dramatically vary with small relative lateral displacement, and in some
cases completely halting the intermolecular charge transfer.[38] Due to the sensitivity
to molecular packing, the OSC that showed the best charge carrier mobility to date was
ultra-pure single-crystalline aligoacenes, reaching mobilities in excess of 30cm2V−1s−1

at room-temperature and even exhibiting band-like1 transport characteristics.[39]

Unfortunately, obtaining ultra-purified materials and fabricating devices based on or-
ganic single-crystals are challenging. In fact, the vast majority of OSCs exhibit some de-
gree of disorder, braking the crystalline packing symmetry. This is specially true for or-
ganic molecules since in its great majority display complex and asymmetric shapes. Spa-
tial and energetic disorder induces localization of the electron wave-function, thereby

1This represents the availability of a continuous band of allowed energy states for electrical transport,
which contrasts with the discrete set of energy levels normally found in isolated molecules and
atoms.
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reducing the intermolecular electronic coupling and consequently the carrier mobility.
In the framework of the Anderson localization, one may consider OSCs invariably in-
sulators since their electronic states are localized. However, as it is observed, carrier
transport in highly disordered electronic systems can occur. Indeed, increasing the
level of disorder deteriorates the charge mobility since the Fermi energy level shifts
deeper into the band-gap. But, even in this situation, thermally-assisted or direct tun-
neling between localized states can generate sizeable electrical currents. Therefore, the
charge transport in disordered OSC is dominated by hopping of charge carriers between
localized states, which is also known as hopping transport.

�
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Figure 2.1: Simplified one-dimensional representation of the hopping conduction. (left)
An array of empty (white) and occupied (red) electronics states near the
Fermi energy level, εF . Charge carriers may hop upwards or downwards in
energy, in a variable range of distances. On the (right), the distribution of
the density of states with respect to the energy level.

A simplified one-dimensional view of the hopping carrier transport is shown in Fig-
ure 2.1. Filled (red) and empty electronic states (white) are scattered both spatially
and energetically near the Fermi energy level εF . The density of states N(ε) of this hy-
pothetical electronic structure is also shown, which represents the population of carriers
at a given energy level. As represented in the figure, in some regions the wave-function
delocalization can extend over large lengths, while in other places the state is localized.
A charge carrier may jump from an occupied to an empty state with a given external
perturbation. If the available thermal energy is sufficient, carriers can diffuse between
states by simple thermal activation. Alternatively, an external bias can be applied in
order to drive carrier hopping between localized states. The rate at which charge hops
is related to the concept of charge carrier mobility (with unit cm2V−1s−1). Carrier mo-
bility is a material parameter that correlates the mean drift velocity vD of carriers and
the applied electric field −→E . Moreover, the hopping rate and/or mobility determines
the conductivity σ of the material,
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2.1 Charge Carrier Transport in Organic Semiconductors

σ = e · (nholes ·µholes + nelectrons ·µelectrons) (2.1)

where e is the fundamental electric charge, and n is the carrier concentration (elec-
tron/hole charge carrier). If, for example, the charge transport is exclusively via holes,
the Eq. 2.1 would reduce to σ = e ·nholes ·µholes. Since the materials studied in this
thesis are exclusively hole conductors, the subscript index holes will not be used here-
after.

2.1.1 Variable-Range Hopping Transport

Modelling the problem of charge transport in disordered materials can be done by
computing all the available electronic states, and the probability evolution of charge
carrier hopping from a state i to a remote state j. This approach is clearly prohibitively
complicated, since one should input the unknown distribution of all electronic states
in real space, and also information about the wavefunction decay lengths. Another
fundamental parameter is the overlap between the decaying wavefunctions of adjacent
sites. Overlapping wavefunctions is necessary since it allows charge tunneling, and
consequently compute the transitions rates Wij from site to site[40, 41],

Wij = υo exp
(
−2|Rij|

ξ

)exp
(
− εj−εi

kBT

)
∀εj > εi

1 else,
(2.2)

where Rij is the distance between site Ri and the Rj, υo the phonon vibration frequency,
ξ the localization radius, and kB the Boltzmann constant. The ξ is the result of
the overlap of the wavefunction of states i and j. The pre-expontial factor υo can
be interpreted as an "attempt-to-jump" factor, as it relates to the phonon-assisted
tunneling between states. As can be understood from Eq. 2.2, the hopping rate is
exponentially dependent both on the distance between the two sites, and on the energy
penalty of the i→j transition. This energetic penalty is absent for charges hopping
downward in energy. Since the hopping conduction is directly related to phonon-assisted
tunneling processes, it is worth pointing out that when the charge must surpass an
energetic barrier, it does so by absorbing a phonon from the acoustic bath. Conversely,
if the final state has lower energy, the charge transit results in phonon emission.

The breakthrough on hopping conduction came when Sir Nevill F. Mott realized that
the energy penalty (activation energy) for charge transfer is not necessarily a material
constant, but varies for systems with localization radii ξ near the metal-insulator tran-
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sition or at sufficiently low temperatures.[42] This implies that charge carriers do not
hop exclusively to nearest neighboring states, as previously assumed, but can jump to
locations that are farther than the average distance between states. In other words, it
can happen that when the charge carrier attempts a jump, it could be more energeti-
cally favorable to look for remote states, rather than jumping upwards in energy in the
nearest states. This phenomena is specially true at low temperatures, since acoustic
phonon are drastically suppressed. For this reason, the highly acclaimed Mott’s model
takes its name – variable-range hopping (VRH) conduction.

As previously discussed, charge carriers hop at or near the Fermi level, where both
empty and occupied states are present. The hopping system can then be described by
a band-width ∆ε where the states for conduction are available. In order to simplify
the calculations, Mott assumed an uniform density of states near the Fermi energy.
Following this approach, the carrier concentration available for transport N(εF )∆ε can
be directly derived. Therefore, setting an arbitrary distance R, at any given energy
spread would result in 4

3πR
3N(εF )∆ε potential target sites available for charge hopping.

If hopping conduction is possible, at least one unoccupied site exists within range, which
is enforced by the equation[43],

4
3πR

3N(εF )∆ε ∼= 1. (2.3)

Equation 2.3 is at the heart of Motts theory, since it connects both the spatial (R) and
energetic (∆ε) terms of the variable-range-hopping conduction with the DOS of the
material. With this in mind, the transition rates for charges hopping upward in energy
(from Eq. 2.2) can be rewritten as

W (R) = υo exp
(
−2R
ξ
− 1
kBT

4
3πR

3N(εF )

)
, (2.4)

where the equation is function of R only. Note that Eq. 2.4 can be also rewritten as
function of energy, W(∆ε). In order to find the best possible path the charge carrier
would take in this percolating electronic system, one must find the situation in which
the transition rates from site-to-site are maximized. Or, in other words, what is the
optimal hopping lengths and energy band-widths the charge carriers will have in order to
minimize the transport energy. This is straightforwardly done by taking the derivative
of Eq. 2.4 with respect to R, dW (R)

dR
= 0, or similarly repeating this for the transition

rates as function of energy band-width. From these calculations, the optimal hopping
length and energy band-width functions can be derived,

16



2.2 Organic Field-Effect Transistors

Roptimal =
(

ξ

8kBπN(εF )
1
T

) 1
4

and

∆εoptimal = 3
4


(8kBT/ξ

)3

πN(εF )


1
4

.

(2.5)

When Equations 2.5 are substituted in Eq. 2.4, the fastest and energy-efficient route
for the transport process is found, Wmax. From this optimization, Mott arrived in his
famous generalized VRH conductivity equation[44],

σ (T ) ∝ Wmax ∝ exp
−(T0

T

) 1
1+D

 , (2.6)

wherein T0, generally refereed to as the characteristic temperature, envelopes most
of the variables of Eqs. 2.5 and 2.4, and D is the dimensionality factor (D=3 in
the previous discussions for three-dimensional electronic system). Also note that in
order to obtain the total current crossing the sample, one simply needs to multiply the
hopping rates by the electron charge e. Knowing the charge electrical current value,
one can directly compute the equation in terms of conductivity (or resistivity). The
characteristic temperature can be obtained with,

T0 = βD
kBN(εF )ξD , (2.7)

wherein βD is a numerical coefficient used as correction[45] for Mott’s assumption in
Eq. 2.3, which also depend on the dimensionality of the hopping process. The VRH
theory will be further discussed in Chapter 4, where it will be applied to interpret the
charge carrier transport of an highly conductive polymer, the PEDOT:PSS.

2.2 Organic Field-Effect Transistors

A field-effect transistor is a three terminal electronic device used to control electrical
currents (output) with a voltage (input). It is comprised of a gate, source and drain
electrodes. Source and drain electrodes are contacted to a semiconducting material,
whereas the gate is capacitively coupled to the semiconductor across a dielectric, ref-
ereed to as gate dielectric. The device configuration used in this thesis is shown in
Figure 2.2. When an electric potential is applied to the gate electrode, the resistance of
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2 Fundamental Background

the semiconductor can be modulated, allowing charge carriers to flow (or not) between
source and drain terminals, Isd. The source electrode has fixed reference potential,
and in this thesis is kept grounded (0V). By applying a gate-source potential, Vgs,
the valence (or HOMO) or conduction band (or LUMO) is bent towards the Fermi
energy level, and the density of states for transport is generated at the gate dielec-
tric/semiconductor interface, which can be filled with mobile charge carriers.

L

Substrate

Gate

Gate Dielectric

Source Drain

Organic Semiconductor

Vsd

Vgs

Isd

Igs

Figure 2.2: Schematic of a field-effect transistor and typical electrical intercon-
nections. The device shown has a bottom-contact, bottom-gate electrode
configuration, which is used throughout this thesis.

The current-voltage characteristics of a FET can be described by,

Isd = µCiW

L

(
(Vgs − Vth)Vsd −

Vsd
2

2

)
for |Vgs − Vth| > |Vsd|

(linear regime)

Isd = µCiW

2L (Vgs − Vth)2 for |Vsd| > |Vgs − Vth| > 0

(saturation regime)

(2.8)

for the linear and saturation regimes, wherein the currents and voltages of the expres-
sions are labeled in Figure 2.2, Ci is the capacitance per unit area of the gate dielectric,
and µ the carrier mobility, L the channel length, and W the channel width (not indi-
cated in the schematics). The threshold voltage, Vth, in an ideal FET is zero. However,
given the mismatch between the work-functions of contacts and the semiconductor
conduction states, and the presence of traps at the gate dielectric/semiconductor inter-
face, this value is finite. In other words, an energy barrier must be surpassed to allow
long-range charge transport. The threshold voltage is an important parameter, since it
marks the transition between off-state operation regime to the subthreshold region. In
this region, the charge density, or density of states (if no charge reservoir is present),
depends exponentially on Vgs. The slope of the drain current in this operation regime
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2.2 Organic Field-Effect Transistors

is denoted as the subthreshold swing, and is described by,

Ss−th = kbT

e
ln 10

(
1 + eNtrap

Ci

)
(2.9)

wherein Ntrap represents the density of trap states at the dielectric/semiconductor
interface. It is evident from Eq. 2.9 that in order to improve the switching of the
FET, the dielectric capacitance should be increased, and the trap states should be re-
duced. The theoretical minimum for the subthreshhold swing at room-temperature is
60mV/decade.[46] The carrier field-effect mobility is given by,

µlin = L

CiWVds

dIds
dVgs

(linear regime) (2.10)

and

µsat = 2L
CiW

(
d
√
Ids

dVgs

)2

(saturation regime) (2.11)

can be straightforwardly computed by evaluating the drain-source current versus the
gate-source voltage behavior of the device (transfer characteristics).

The equations above are derived for an ideal metal-insulator-semiconductor (MIS)
structure, in which the dielectric is considered to be a perfect insulator. However,
the dielectrics are in reality leaky – a significant current density exists, the Igs. This so
called leakage current is an important device parameter since the standby power con-
sumption of integrated circuits are derived from it. The power requirements of a device
also strongly depend on the capacitance Ci of the dielectric layer (see also Eqs. 2.8),
which is given by

Ci = ε0εr
t

= Q

Vgs − Vth
, (2.12)

wherein Q is the surface charge density at the dielectric/semiconductor interface, ε0

is the vacuum permittivity, εr the relative permittivity of the dielectric, and t is its
thickness. To lower power consumption while keeping the same device properties,
input voltages should be decreased – therefore, the capacitance per unit area must be
increased. This is obtained by using dielectrics with high permittivities and/or thinner
dielectric layer. This theme will be further discussed in Chapter 5, where an ultrathin
hybrid gate dielectric based on mixed self-assembled monolayers is presented.
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2 Fundamental Background

2.3 Basics of Spin Transport

Spin Electronics dates back to the mid-thirties, when Mott [47] postulated that that
electron transport in ferromagnetic (FM) transition metals should be treated as being
carried in two independent channels, with different transport properties. The basic
assumption was that electron spin mean free path, λsf (sf stands for spin-flip), in
metals is much larger than the mean free path, λ, of the electron itself. The illustration
in Figure 2.3 represents Mott’s ideas: a spin-up electron travelling through a metal
suffers several scattering events in the crystal lattice before flipping its spin down. This
spin-flip event is, however, rare in most elementary FM metals such as Ni, Co, Fe, and
its alloys. Therefore in the λsf � λ limit, spin currents can be treated independently
of each other. However, having two independent spin channels alone does not suffice
to explain the anomalies in the transport characteristics observed in FM metals (e.g.
anisotropic magnetoresistance). From its electronic structure it becomes clear that
these two spin channels have very different electronic transport properties.

Figure 2.3: Illustration of electron diffusion in metals. Electron undergoes several mo-
mentum scattering events before loosing its spin information. The average
of momentum scattering events gives the electron mean free path λ, which
is much smaller than the electron-spin mean free path λsf. As a result,
in ferromagnetic metals spin-up and spin-down electrons can be treated
independently.

According to the Pauli exclusion principle, the wave function of two or more electrons
has to be antisymmetric with respect to the spatial exchange of any two electrons.
Therefore, the symmetry (or asymmetry) of the spin part of the wave function influences
the total energy of the system. This energy is known as exchange energy, Eex. The
consequence of this exchange interaction in transition metals is the splitting of the d
orbital in two spin sub-bands. This spin asymmetry imparts a very different topology of
the Fermi surface for spin-up and spin-down carriers. Figure 2.4(a) depicts a simplified
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2.3 Basics of Spin Transport

illustration of the electronic density of states (DOS) in ferromagnetic transition metals
(e.g. Co, Ni, Fe, and its alloys). In this materials the valence states are constituted of
s and d electrons. Spin-split electrons of the 3d orbitals have localized wave functions
and do not contribute to the charge transport. While the spin imbalance imparts a net
ferromagnetic moment, the conduction is dominated by the un-split 4s delocalized and
hybridized bands [48].

(a) (b)

Figure 2.4: Schematic illustration of transition metal ferromagnetic materials electronic
density of states (DOS) (a) and its Fermi surface under applied electric field,
(b).

The origin of spin-polarized currents in ferromagnetic metals is, however, different. It
results from the s-d interband exchange interaction, that gives rise to different spin-
flip scattering probabilities, and different Fermi velocities for each spin entity [49, 50].
Consequently, upon application of a perturbation to ferromagnetic transition metals
(e.g. termoelectric, electric, magnetic potential), one has spin-dependent shifts in mo-
mentum space due to the different electron conductivities, which corroborates to the
validity of the two spin current model. This is depicted in Figure 2.4(b). In this model
– valid for diffusive transport –, the spin-dependent bulk conductivities are associated
to the DOS via the Einstein relation:

σ↑,↓ = e2N↑,↓D↑,↓ with D↑,↓ = 1
3vF↑,↓le↑,↓ (2.13)

where e is the absolute value of the electronic charge, N↑,↓ is the spin-dependent DOS at
the Fermi energy, D↑,↓ the spin-dependent diffusion constants, vF↑,↓ the spin-dependent
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Fermi velocity, le↑,↓ the spin-dependent electron mean free path. The current spin
polarization in ferromagnetic metals can thus be defined as:

αF = σ↑ − σ↓
σ↑ + σ↓

(2.14)

The sign and magnitude of spin polarization can be measured by Andreev reflection
experiments [51], yielding a spin polarization in the range 0.3–0.7 in conventional ferro-
magnets [52, 53]. Half-metallic materials, such as La1−xSrxMnO3 and CrO2, can reach
polarization values in excess of 0.96 [54], however, at very low temperatures [55]. The
reason for this giant spin polarization is that in half-metallic materials charge density
drops to zero in one of the spin sub-bands. In spite of its attractive properties, difficult
fabrication processes and degrading properties near room temperature prevent wider
use of half-metallics in spintronic applications. In this thesis, only metallic ferromagnets
are considered due to their high Curie temperatures.

2.3.1 Spin injection and Spin accumulation at FM/NM interfaces

We now move to the case where ferromagnetic (FM) metal interfaces non-magnetic ma-
terials of comparable conductivity (NM). This is schematically illustrated in Fig. 2.5.
Current flows perpendicular to the plane, crossing the FM/NM interface, under the
influence of an electric field ~E. The current in the FM metal is spin-polarized (JFM↑ 6=
JFM↓ ), as a result of the its spin-dependent conductivities (σFM↑ 6= σFM↓ ). In contrast,
electron-spin conductivities at the NM side is identical (σNM↑ = σNM↓ ) given the ab-
sence of spin-imbalance in its electronic structure. As a result, the conservation of
spin-polarized current density across the interface ∇ ~· Jtot = 0 is compromised, and the
system goes out of thermodynamical equilibrium near the interface. A spin accumula-
tion zone is formed due to the pile-up of imbalanced electron spins, which extends by
LFMsf into FM, and LNMsf into the NM side. In this spin accumulation zone the Fermi
level of spin-up and spin-down carriers is split in order to induce spin-flips near the
interface and balance the spin charge density:

∇ ~J↑,↓ = −∇ ~J↓,↑. (2.15)

Fermi level splitting and spin flipping adjustment takes place in both, FM metal and
NM material. Consequently, a net spin-polarized current is induced in the NM side,
with a characteristic diffusion length LNMsf . While the diffusion length is generally
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short in the FM side (e.g. LCosf = 59 nm [56]), it can be very long in the NM side
due to a much lower concentration of spin scattering centers (e.g. LCusf = 1 µm [57],
LCNTsf = 50 µm [58], LSisf = 100 µm [19]).

To understand the spin accumulation near the interface, one has to describe the current
in terms of electrochemical potentials of the spin polarized electrons [59, 60]. Electron
transport is driven by a gradient of electrochemical potential for both spin species,

∇µ↑,↓ = −e ~J↑,↓/σ↑,↓, (2.16)

where ∇µ↑↓ represents the local variation of the spin-dependent electrochemical poten-
tial µ↑↓, σ↑↓ is the spin-dependent conductivity, and e is the electron charge. The spin
accumulation, which is described by ∆µ=µ↑-µ↓, is maximal at the FM/NM interface
due to the Fermi level splitting, and falls to zero at ±∞, as shown in Fig. 2.5(a). As
shown in Refs. [60–62], the spin polarization of the current density across the FM/NM
interface can be described by

 ~J↑ − ~J↓
~J↑ + ~J↓

FM/NM

= β

1 + rNM/rFM
, (2.17)

where β is the spin-polarization of the FM metal, and rFM and rNM are given by the
products of the resistivity with the spin diffusion length the FM and NM materials,
respectively,

rFM = ρFM ·LFMsf ,

rNM = ρNM ·LNMsf .
(2.18)

Evaluating Eq. 2.17 one directly observes that if rNM � rFM , the spin injected through
the interface becomes vanishingly low. This happens because the spin accumulation
generated at the interface is equal ∆µ on both sides of the interface. Since the spin-flip
(spin relaxation) rate is proportional to ∆µFM,NM/rFM,NM , and ∆µFM=∆µNM at the
interface, the current at the FM side is already largely depolarized before crossing the
interface. By contrast, if rNM ≈ rFM , the current spin polarization is retained in the
NM material. This is the case, for example, when the FM/NM interface is formed by
metals (e.g. Co/Cu, NiFe/Al, etc). Spin polarized current for the two cases mentioned
above is illustrated in Fig. 2.5(b).
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Figure 2.5: Illustration of the spin accumulation and injection from a ferromagnetic
metal to a non-magnetic material. (a) Spin-polarized electrons from a fer-
romagnetic metal (grey) into a non-magnetic material (green) accumulates
near the interface of the heterostructure. This accumulation extends by
LFsf into the ferromagnetic metal, and LNsf into the non-magnetic side. The
splitting of the Fermi level at the interface is represented by the varia-
tion of the electrochemical potential of both spin species, µ↑ and µ↓. The
electrochemical potentials in the illustration are continuous through the in-
terface (transparent contacts), but they can be highly discontinuous (e.g.
with tunnel barriers).(b) Spin current polarization for three different situ-
ations: FM/metal (orange), FM/Semiconductor with tunnel barrier (red),
FM/semiconductor (green). The conductivity mismatch between FM metal
and semiconductor induces an increase of spin-flip recombination at the FM
side, and negligible spin polarized current is injected into the semiconductor.
With a tunnel barrier, ∆µ is considerable increased at the non-magnetic
side, compensating the spin depolarization at the FM side. Illustration
adapted from [49].

24



2.3 Basics of Spin Transport

The effect of interface resistances on spin accumulation

Another interesting scenario is when a finite interface resistance rb is included in the
system. Interface resistance can be present both intentionally (e.g. tunnel barriers), or
unintentionally (e.g. air oxidation). When rb is considered in the calculations, the spin
polarization of the current density at the interface is described by,[62]

 ~J↑ − ~J↓
~J↑ + ~J↓

FM/rb/NM

= βrFM + γrb
rFM + rNM + rb

, (2.19)

where γ is defined as the spin asymmetry coefficient (if any) of the interface layer. As
evidenced by Eq. 2.19, even if rNM � rFM , the spin accumulation at the NM can be
recovered when rb is of the same magnitude of rNM and γ is finite. In fact, insulating
tunnel barriers grown from metal oxides provide simultaneously enough interface re-
sistance and spin assymetry. This phenomena, referred to as spin-polarized tunneling
effect, is very relevant when one attempts to inject spin polarized carriers into a mate-
rial of dissimilar conductivity, such as in metal/semiconductors systems (see red curve
in Fig. 2.5(b)).

The physical mechanism behind the recovery of spin accumulation lies in the spin-
dependent transmittances of electrons through the barrier. The tunneling conductance
is proportional to the DOS of each spin-subband at the Fermi level [53]. Hence, a
large suppression of the minority spin-carriers can be obtained since the penetration
of the wave-function through the barrier is limited (as compared to the majority spin
carriers). The presence of a spin-filtering tunneling barrier induces a discontinuity of ∆µ
at the interface. The spin accumulation at the NM side increases proportionally to γrb,
which balances the spin-flip rate at FM/NM interface, and restores the spin-polarization
[61, 62]. In the limit where rb � rNM , spin-polarization can be fully recovered and reach
values as high as γ. When rb ≈ rNM , the recovered spin-polarization amounts to γ/2.

Successful injection of spin-polarized current density into a NM material does not entail
that the spin imbalance can be detected by a second FM electrode. For instance, an
energy barrier (normally referred to as Schottky barrier) is normally formed at metal-
inorganic semicondutor interfaces. For specific barrier heights and reverse bias, the
carrier injection is dominated by field-emission tunneling [63]. Schottky barriers are
thus good candidates to assist the injection of spin-polarized currents into semiconduc-
tors, since it provides a controllable interface resistance. However, upon forward bias
the carrier injection is no longer dominated by tunneling since the barrier is reduced
due to FM Fermi level shift. Therefore, in spite of the successful use of Schottky bar-
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riers as spin filters [64], the method is not suitable since spin accumulation can not be
sensed in the second FM electrode due to the conductivity mismatch [65].

2.3.2 Injection and Detection with spin-polarized tunneling
electrodes

Detection of spin-polarized currents in organic systems is generally limited to electri-
cal detection in a spin valve configuration. Direct optical methods can not be applied
to detect spins, since organic materials have a very low spin-orbit coupling. Conse-
quently, the most accessible method for the detection of spin accumulation in OSCs
is by positioning a second FM electrode in the vicinity of the spin injecting electrode.
One can understand the spin accumulation detection (or extraction) process as follows.
Consider a second FM electrode contacting the NM material near the spin-injecting
FM electrode at distances d ≤ LNMsf . In this region a spin imbalance is present, i.e.
spin-up and spin-down electrochemical potential are not equal. The difference of the
spin-dependent electrochemical potentials on both sides of the NM/FM interface gen-
erates an effective built-in voltage δV . Since the magnetization of the FM detection
probe can be reversed (inversion of minority and majority spins), the excess voltage δV
can be switched according to the probe magnetization. Note that if the metal electrode
is non-magnetic the voltage built-up is zero, and the spin accumulation can not be
detected.

We now focus our attention in the case of FM/rb/NM/rb/FM structures, which is
decribed by the theory developed by Valet & Fert [59, 62]. The total series resistance
of this two-terminal spin-valve structure is given by,

RP,AP = 2(1− β2)ρF tF + ρN tN + 2(1− γ2)rb + 2rP,AP , (2.20)

wherein labels P and AP indicates the total resistance for each magnetic configuration of
the FM electrodes – parallel and anti-parallel, respectively. Values tF and tN represents
the thickness of the FM and NM electrodes, respectively. The spin-dependent interface
resistance contributions rP,AP are respectively defined as

rP =
(β−γ)2

rN coth
(
tN

2lN
sf

)
+ γ2

rF coth
(

tF
2lF

sf

)
+ β2

rb

1
rN coth

(
tN

2lN
sf

)
1
rF coth

(
tF

2lF
sf

)
+ 1

rb

[
1
rN coth

(
tN

2lN
sf

)
+ 1

rF coth
(

tF
2lF

sf

)] , (2.21)
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and,

rAP =
(β−γ)2

rN tanh
(
tN

2lN
sf

)
+ γ2

rF coth
(

tF
2lF

sf

)
+ β2

rb

1
rN tanh

(
tN

2lN
sf

)
1
rF coth

(
tF

2lF
sf

)
+ 1

rb

[
1
rN tanh

(
tN

2lN
sf

)
+ 1

rF coth
(

tF
2lF

sf

)] . (2.22)

The magnetoresistance ∆R can then be obtained from Eqs. 2.21 and 2.22, with 2(rAP -
rP ). To simplify the expression, tF is taken equals∞ for the spin-dependent components
of the magnetoresistance. This is a plausible assumption since ∆R saturates for values
when tF>lFsf . For instance, in this thesis the ferromagnetic electrodes were generally
based on 25nm thick NiFe thin-films, which is considerably higher than lNiFesf ≈5.5nm.
In view of this simplification, the magnetoresistive response for two-terminal spin-valves
with spin-polarized tunneling electrodes becomes

∆R = 2(βrF + γrb)2

(rb + rF ) cosh
(
tN
lN
sf

)
+ rN

2

[
1 +

(
rb

rN

)2
]

sinh
(
tN
lN
sf

) . (2.23)

This expression is valid for vertically stacked, or laterally patterned spin-valves with
FM electrode width equals the NM spacer thin-film thickness. In Figure 2.6 the mag-
netoresistance ∆R/RP is plotted as function of interface resistance normalized with the
FM electrodes area – generally referred to as the resistance–area product (RA) in the
literature. This example is based on Fig. 03 of Ref. [62] for GaAs as NM spacer, but
with input parameters of NiFe/AlOx spin-polarized tunneling electrodes. It becomes
evident that injection and detection of spin-polarized transport is possible in systems
with large mismatch of conductivity (rNM/rFM>106 in this example). However, mea-
surable MR signals are only achieved in a very narrow range of interface resistances.
The maximal magnetoresistance for these systems reads,

∆R
RP

= γ2

1− γ2 , (2.24)

which is only obtained for tN�LNMsf . This condition is satisfied in Figure 2.6 only when
the NM thickness is <20nm – that is to say, tN/LNMsf <10−2. It becomes therefore clear
from Eq. 2.24 that in order to successfully fabricate a spin-valves based on materials
with mismatched conductivities, tunneling barriers with substantial spin asymmetry
coefficient and precisely engineered interface resistance must be employed.
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tN=20nm
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tN
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Figure 2.6: The magnetoresistance of an FM/I/NM/I/FM structure with high con-
ductivity mismatch plotted versus interface resistance-area (rb), wherein
FM = NiFe (rFM=0.8x10−14 Ωm2, β=0.7, LFMsf =5.5nm), NM = GaAs
(rNM=4x10−9 Ωm2), and the I = AlOx (γ=0.45). The MR is plotted for sev-
eral electrode spacings tN , and for a fixed spin diffusion length lNMsf =2µm.
Based on Ref. [62], but calculated for NiFe/AlOx electrodes.

2.3.3 Local and Non-local Spin Accumulation

The discussions of the previous sections have focused exclusively on a two-terminal
measurement geometry. This is generally referred to as local measurement, and is the
simplest way to measure spin accumulation. As illustrated in Fig. 2.7, current is sourced
and spin accumulation voltage built-up is measured with the same electrodes, FM2 and
FM3. Although this strategy is technically simple and straightforward to measure, a
few spurious effects can take place at the junction that can potentially mimic MR effects.
For instance, the magnetization reversal of the FM contacts generate stray fields in the
NM region, which can induce local Hall voltages across the junction. This can be easily
mistaken as a MR effect, but it is not related to the NM’s spin accumulation. Another
effect that play a role is the intrinsic AMR effect (introduced in Chapter 1) of the
interconnects, that is always included in the signal.

An alternative way of detecting pure spin accumulation is to take advantage of the
diffusive nature of the electron spin. As illustrated in Fig. 2.7, when charge current is
applied through FM1 and FM2, a voltage build-up can be measured as δV between
FM3 and FM4. Spin accumulation generated at FM2 diffuses isotropically through
the NM, while the charge is only driven between FM1 and FM2 when an electrical
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Figure 2.7: Local (left) and non-local (right) measurement geometries for spin accumu-
lation detection. Local measurements of MR suffers the influence of spurious
effects arising from local ~E fields and carrier motion. To avoid spurious ef-
fects, a non-local measurement can be employed due to the diffusive nature
of the spins. In this case, current flows trough a set of electrodes (FM1
and FM2), and spin polarization is measured non-locally with neighboring
electrodes of different width (FM3 and FM4). Magnetization direction of
the electrodes can be controlled independently by an external magnetic-field
due to the magnetic shape anisotropy.

potential is applied. The difference δVFM3 − δVFM4 can then be measured by a volt-
meter. This measurement method is generally referred to as non-local measurement,
and is largely used in the metal spintronics community. The method allows to remove
unwanted spurious contributions from the MR signal [57, 66]. Non-local measurement
is considered to be a definite and unambiguous proof of spin transport in NM materials,
and it is still lacking in organic spintronics.

2.3.4 Magnetic Tunnel Junctions

If tN=0 we fall in the special case of magnetic tunnel junctions (MTJ), wherein an
insulating layer decouples two spin-polarized FM electrodes. Magnetoresistance effects
in MTJs were sought after since 1975 [67], but only in 1995[68, 69] sizable MR effects
were consistently and reproducibly obtained. Spin-polarized tunneling in FM-I-NM (I
- insulator, and NM - non-magnetic) structures were long known to be possible, but
several technical difficulties had to be overcome in order to fabricate devices showing
significant tunnel magnetoresistance (TMR) effects. Most of the difficulties had orig-
inated in the thin-film stack growth and their characterization. However, with the
technological advances in the mid nineties, the successful manufacture of MTJs has
become routine.
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Figure 2.8: Magnetoresistance of an highly optimized Co/AlOx/NiFe tunnel magnetic
junction, showing TMR of 27.1% and 20.2%, at 77K and 295K, respectively.
Taken from Moodera et al.[70]

MTJs are based on the stacking of a FM-I-FM thin-film structure, wherein the insulat-
ing layer should be only 1-3nm thick. The response of the device is extremely sensitive
to the quality of this tunneling barrier. Interface roughness, purity, homogeneity, and
interface contamination has been shown to have drastic deleterious effects to TMR val-
ues. The difficulties in finding ideal materials & processes become evident in retrospect.
Even 18 years after the seminal works of Moodera et al. (1995, Ref. [68]) and Miyazaki
et al. (1995, Ref. [69]), only two materials for tunneling barriers have found widespread
application in MTJs – namely, AlOx and MgO. This thesis deals exclusively with AlOx,
given its superior mechanical and chemical robustness in comparison to MgO.

The ferromagnetic layers must be also carefully engineered, so that the magnetic re-
versal of each layer switches independently with well separated coercive fields. In Fig-
ure 2.8 a highly optimized Co/AlOx/NiFe MTJ[70] is shown. Well separated switching
is clearly observed in these MTJs, which is characterized by a plateau of the resis-
tance with the FM electrodes in anti-parallel configuration (⇀↽). TMR as high as
20% was observed at room-temperature, while these values considerably increase at
low-temperatures. Record room-temperature TMR values with AlOx tunnel barriers
amount to 70-80%[71, 72] using CoFeB electrodes. This FM alloy shows the highest
surface spin polarization from known FM metals at room-temperature (γ=0.51∼0.58),
justifying the high TMR values.

Since MTJs are strongly dependent on the tunnel barrier quality, the bottom elec-
trode thin-film, which supports the top layers, ultimately defines the device response.
Roughness of the bottom electrode may induce dipolar coupling with the top electrode
inhibiting independent reversal of their magnetization. In the worst case, ultrathin in-
sulating layers grown over rough surfaces may contain a very high density of hot spots
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due to non-homogeneous thickness. This leads to localized high current densities and
premature failure of the junction. This issues will be further discussed in Chapter 3,
Section 3.4.

2.4 Spin transport in Organic Semiconductors

Direct measurement of electron spin polarization in organic (semi)conductors has been
accomplished by very few groups through two-photon photoemission [73], and low-
energy muon rotation experiments [74]. Optical methods such as those used in early
studies of spin-polarized injection in inorganic semiconductors [75], fail to detect elec-
tron spins in organic semiconductors due to their weak spin-orbit interaction. As a
result, spin injection, transport and detection investigations in organic spintronics is
generally accomplished in actual device platforms.

The length scales in which an electron spin diffuses through non-magnetic materials
defines the scales in which devices should be produced, in order to detect measurable
magnetoresistace signals. In organic semiconductors (OSC), the record spin diffusion
length reported was on the order of 100− 135 nm [76, 77]. For that reason, the minimal
requirement for a successful spin signal measurement is that the gap tN separating the
ferromagnetic electrodes in a spin-valve should be within in the tN≤ ls limit. A common
practice to obtaining such small gap sizes is the vertical stacking of FM electrodes
sandwiching the charge-transporting layer (hereafter referred to as vertical devices or
vertical geometry). While this technique has been remarkably successful in metallic
spintronics and MTJ fabrication, it leads to critical reliability issues with OSC NM
spacers.

Figure 2.9 illustrates a common source of uncertainties in an FM-OSC-FM junction
produced in vertical geometry. In the top electrode deposition step, highly energetic
atoms landing on an OSC surface diffuse through the OSC matrix, forming unwanted
pin-holes and magnetic inclusions. Moreover, OSC solids tend to have rough surfaces
due to the high-molecular weight of its molecules. Thus, the interface between the OSC
and top electrode has inherently high roughness, which leads to stochastic magnetic
behavior of the FM electrodes [78]. Rough interfaces along with metal diffusion is
translated into misleading interpretation of results, such as whether charge transport is
in tunneling or injection regimes [79], or if the MR signal in these vertical stacks in fact
originates from spin tunneling or injection through/into an OSC spacer layer, or from
magnetic inclusions prevenient from electrode deposition [80, 81]. The first organic spin-
valve reported [82] can be taken as an example of a misled interpretation, in which the
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(quasi) temperature-independent I-V characteristics of the LSMO/Alq3(> 100 nm)/Co
junction resembles one of a TMR, and not a GMR spin-valve. The space-charge-limited
behavior expected for these OLED-like structures is totally absent. Bias-voltage applied
in MR measurements were generally much lower than the built-in potential formed in
these Schottky-like FM/OSC interfaces, which indicates that virtually no current was
actually passing through the OSC. These evidences strongly suggest that pin-holes
and/or charge tunneling from FM filaments largely dominates the device response.

FM/OSC interfaces fall in the case where the conductivity mismatch should induce a
large current density spin depolarization. Spin relaxation due to the high resistance of
OSCs should lead to a significant reduction of the spin accumulation at the interface,
which is an essential feature of a spin valve. As for now, no reports have tackled this
matter. Controversially, there have been many successful reports on organic spin valves
with and without tunnel barriers [80, 83–85]. It should be noted, however, that these
reports were predominantly obtained in experiments with vertically stacked trilayer
devices, which are generally prone to defects.

Figure 2.9: Schematic illustration of a conventional organic spin-valve. The device is
composed of a vertical stack, in which the OSC is sandwiched between two
different FM materials. Metallic FM electrodes deposited on top of organic
materials are expected to have rough surfaces, accompanied by stochastic
surface magnetic properties. Diffusion of metal also leads to the formation
of pinholes and uncontrolled junction gap size.

Low junction resistances, strong conductance dips at zero-bias, and inversion of the MR
signal at low-voltages have been reported by various groups [76, 81, 86]. The presence
of FM inclusions in Alq3 as deep as 80 nm has been confirmed by electron energy loss
spectroscopy (EELS) in Co/Alq3 junctions, along with uncorrelated changes of the MR
signal with bias [87]. In short, spin transport measurements in vertical devices brought
up a multitude of controversial results, and it is evident that different strategies must
be devised.
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2.4.1 Lateral Spin Valves for Organic Semiconductors

An alternative to the vertical device configuration described in the previous chapter, is
the use of laterally patterned spin-valve devices. Pinholes and magnetic inclusions are
completely eliminated in this device geometry. It also allows a better definition of the
gap size, which is an important parameter largely used to calculate the spin relaxation
life-time τsf , or conversely, the spin diffusion length LNMsf . Moreover, it opens the
possibility of having more than two terminals, and exploit the diffusive nature of spin
signals[66], as described in Section 2.3.3. Non-local spin and Hanle spin precession
measurements are experimental proofs still lacking in organic spintronics. Even a more
definite demonstration of GMR effects in two-terminal devices is desired.[86] Another
potential of lateral spin valves is the possibility of gating the OSC, which may create a
2D electron-gas with high mobility, and potentially result in high MR signals [88].

There have been few reports describing the fabrication of lateral spin valves for OSCs,
and so far no unambiguous proof of MR has been given. Dediu et al. have provided
evidences of spin-polarized electron transfer in α-sexithiophene (T6) within a lateral
spin valve with LSMO electrodes [89]. However, the LSMO contacts had the same
geometry (hence similar switching fields), and all the interconnects were produced with
the same material. Therefore, no spin valve-like signal was measured, and the signal
could be likely due to AMR of the LSMO interconnects. Huisman et al. have also
reported on an unsuccessful non-local measurement of spin currents on Pentacene with
Co electrodes. Likewise, no MR signal was recorded in their sole MR measurement [90].
Michelfeit et al. presented a concept of a lateral spin valve with CoFeB electrodes and
Dihexylquaterthiophene (DH4T ) as spin/charge transporter layer. However, they also
have not reported any MR measurement [91]. Naber et al. reported on their attempts
to inject spin-currents into rubrune crystals through tunnel barriers [92], which were
also not successful.

In this thesis, lateral spin valves based on highly conducting polymer are introduced
(Chapter 4). Devices based on conducting polymers drastically differs from previous
attempts to manufacture lateral spin valves. Conducting polymers possess intrinsic
availability of charge carrier density, without the need to apply an external electric
field. Therefore, this class of devices are, to some extent, comparable to all-metallic
spintronic devices. It is important to emphasize, however, that conductivities of the
best conducting polymers are still over three orders of magnitude lower than metals
such as Ag, Cu, etc. Consequently, conducting polymer spin valves may still suffer
from the conductivity mismatch problem when spins are injected with FM metallic
electrodes.

33





3 Experimental Methods

This chapter presents the fabrication techniques that were developed for the manufacture
of high-quality nanoscale devices. After a brief introduction to the electron-beam lithog-
raphy technique used, the resist combination used for the fabrication of high aspect-ratio
sub-10nm gaps between nanostructures virtually absent of defects, while maintaining ex-
celent edge quality. The protocol is specially useful for designs that suffer from strong
proximity effect, allowing fabrication of dense array of nanostructures with spacing
down to 60nm. The method developed to obtain very smooth aluminum thin films via
simple room-temperature thermal evaporation is also shown. For the smoothest films
(root mean square roughness Rq<0.3nm), even the standard grainy Al nanostructure is
not appreciable by atomic force microscopy.

3.1 Electron-beam lithography process

In this thesis we were specially interested in probing organic semiconductors at very
confined spatial regions. To this end, we employ electron-beam lithography (EBL),
since it allows routine creation of nanoscale patterns on a surface[93]. The idea behind
this technique is the fabrication of suitable masks on a sample surface, which is used
for the transfer of desired patterns. These masks are in general made of electron beam-
sensitive polymers (resists), which are spin-coated on a substrate and baked-out with
a hot-plate or an oven. The bake-out step is done in order to remove residual solvent
and to densify the material. The bake-out temperature/time drastically influence the
properties of resists, and must be optimized for each process. Resists change their
properties upon exposure to high energy electron radiation. Subsequently, the sample
is immersed in an appropriate solvent to dissolve the exposed regions (positive tone
resists), or the unexposed regions (negative tone resists). This critical process is referred
to as development step. Deposition of suitable materials onto the mask, followed by
dissolution of the resist in specific solvents (lift-off ), routinely yields patterns in the
sub-50nm scale. A general lithography process work-flow is displayed in Figure 3.1 for
a positive-tone resist.
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The quality of the substrates on which the structures are fabricated is of paramount
importance. The surface roughness, in particular, plays a major role in defining the
electrical properties of the devices. For instance, manufacture of tunnel magnetic junc-
tions on rough surfaces leads to the formation of hot-spots in the non-uniform tunnel
barrier. This can cause coupling between top and bottom ferromagnetic electrode (FM),
not allowing the independent reversal of the electrodes. Moreover, high roughness can
preclude the formation of the tunnel barrier, since it can induce shorts between the
two FM layers. In the fabrication of organic field effect transistors (OFET), surface
roughness is equally important. High performance OFETs are only obtained with very
smooth channels. The gate dielectric/OSC interface quality dictates the overall per-
formance of the OFET, and should be kept as smooth as possible in order to obtain
transistors with high-mobility.

Electron
Beam
Exposure

Substrate
Cleaning

Resist
Spin-coating

Development Material
Deposition Lift-off

Figure 3.1: General work-flow of the additive patterning process. Resist (sac-
rificial layer) is coated on a clean substrate and is exposed by an electron-
beam. The exposed areas are dissolved with an appropriate developer, and
material is deposited onto it. The resist is stripped off leaving behind the
desired nanostructures.

Heavily As-doped silicon wafers (500µm thick) with thermally grown SiO2 were used as
substrates for all devices presented in this thesis. They were purchased from Silicon Val-
ley Microelectronics, and were inspected by atomic force microscopy (AFM) on a wafer-
to-wafer basis. Only wafers with surface root mean square roughness Rq<0.17nm were
used for device fabrication. The doped silicon had a low resistivity (ρ=1− 5 mΩcm,
and had 150nm coating of highly insulating SiO2. The underlying conducting Si can be
used as an extra electrode for globally gating the chip, or can be left unused in floating
potential.
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3.2 PMMA-PMGI resist combination: a highly reliable
approach for nanostructural patterning

Perhaps the most used resist in EBL is the poly(methyl methacrylate) (PMMA), a
high-resolution positive-tone resist with excellent film-forming properties and thermo-
mechanical stability.[94, 95] PMMA can be synthesized with very high purity, which
allows the fabrication of defect-free masks for pattern transfer with lateral dimensions
in the scale of the molecular length of PMMA chains <10nm.[96] Pattern transfer can
be done in multiple ways – including wet etching (e.g. SiO2 etching with hydrofluo-
ric acid), dry etching (mostly reactive ion etching processes), and material deposition.
In this thesis, focus is given exclusively to the latter. In particular, material deposi-
tion took place via high-vacuum (HV) and ultra-high-vacuum (UHV) physical vapor
deposition (PVD).

When electron-exposed structures are in close proximity to each other, the thickness
of the resist becomes a very important parameter since high aspect-ratio resist struc-
tures can collapse in the development step. Therefore, one generally relies on thin
layers (30-50nm) to obtain small nanogaps with PMMA resist. Figure 3.2 displays a
false-colored scanning electron microscopy (SEM) image of a typical EBL fabricated
nanostructure with PMMA in a two-step lithographic process. For the small rectangle-
shaped NiFe nanostructures, 50nm of PMMA (950K A2 MicroChem Corp.) was used,
whereas the well-spaced Au nanoelectrodes were fabricated with a thicker double-layer
PMMA combination. For the latter, a bottom layer of lower molecular weight (495K
A2 MicroChem Corp.) is used in order to produce a small undercut after development,
which is the result of a faster dissolution of the low molecular-weight species. The pres-
ence of an undercut is of great importance when materials are deposited onto the resist
mask. This allows the penetration of solvent in the lift-off step, therefore facilitating
the removal of the material and resulting in structures with good edge quality. On the

Figure 3.2: Typical nanostructures fabricated with single and double-layer PMMA re-
sist.
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other hand, structures produced with a single-layer resists generally have poor edge
quality as a result of the material deposition at the resist step edge. This commonly
observed issue is highlighted in the inset of the SEM image in Figure 3.2. Moreover,
the thickness of material deposited onto thin single layer resists is limited to <1/3 of
the resist thickness. As a consequence, the smaller the nanogap targeted in the design,
the thinner the material that can be deposited. This is a very critical restriction for
electronic devices, since metallic thin film resistance rapid increases with the thickness
of the electrodes that can extend several millimeters on the chip.

1 m�
Nanogap

Edge defect
(Collapsed PMMA bridge)

(Overhanging PMMA)

Figure 3.3: The proximity effect of nanostructures fabricated with
PMGI/PMMA bridges. An SEM image showing NiFe structures
patterned with collapsed, and overhanging PMMA resist. The bright
stripes indicate the tall NiFe edges, which is normally as tall as the resist
used.

Here, a process to fabricate nanostructures that are absent of edge defects, and maintain
its quality even for interstructure spacing down to <10nm is presented. Moreover, it
allows deposition of thicker film (25-60nm), which drastically reduces the device series
resistance. Thicker layers additionally allow the fabrication of the nanoscale junctions
and interconnects in one single lithographic step, improving the throughput of devices
manufactured. A defect-free nanostructure edge is of particular importance in our de-
vices, since defective edges hinder the formation of continuous multi-layered structures
and also adds a great amount of uncertainty in the devices response. The method relies
on a double-layer resist technique, in which polymers of different chemistry are used
– namely, PMMA as imaging top-layer resist, and Polymethylglutarimide (PMGI) as
the bottom-layer, lift-off and support resist. The combination of these two resists has
been previously reported in the literature [97, 98], whereas here we extend the method
for structures with high proximity effect.

The advantage of using PMGI-based resist is that its development can be made indepen-
dently of the imaging resist PMMA, therefore allowing a better control of the undercut
profile. Since the PMGI developer is based on an aqueous solution of tetramethylam-
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PMMA 950K A2 (50nm)

LOR01B (85nm)

PMMA 950K A1 (30nm)

LOR0.5B (50nm)

Substrate

Substrate

 Highly controllable undercut profile
 150nm gap between nanostructures 
possible in high proximity effect regime
 <10nm gap possible for isolated 
nanostructures
 Thick metal lines with no edges defects (<60nm)

 Short PMGI developing time (ca. 4s)
 >60nm gap between nanostructures 
possible in high proximity effect regime
 <10nm gap possible for isolated 
nanostructures
 Nanostructure thickness limited to <25nm

(a)

(b)

Figure 3.4: The two approaches to obtain extended nanostructures with high-proximity,
and minimal spacing >150nm (top), and >60nm (bottom).

monium hydroxide (TMAH), the PMMA is not affected by the second development
step. In this scenario, overdeveloped lift-off resist results in clean PMMA bridges over-
hanging from PMMA/PMGI support. Therefore the formed integrated shadow-mask
can be used to form very small nanogaps between the structures. Indeed, metallic
junctions with 3nm gaps (tunneling regime) has been recently demonstrated with a
PMMA/PMGI-based process.[99] This idea works well for short PMMA bridges, since
the long ones can collapse onto the substrate. This is shown in Figure 3.3, for NiFe
structures fabricated with overdeveloped PMGI resist. For extended structures in close
proximity, PMMA collapses and therefore the rough edges are visible (bright areas).
For more isolated structures, the PMMA bridge remains overhanging and a nanogap is
formed after metal lift-off.

We have devised two resist preparation protocols, which are shown in Figure 3.4. The
first (Figure 3.4(a)), is suitable for long nanostructures with high-proximity effect and
spacing >160nm. And the second (Figure 3.4(b)), in which resist thicknesses were
reduced, is suitable for manufacture of structures with spacing >60nm. The PMGI
dissolution rate is reduced for thinner layers, since the flux of material removed from
the undercut region is reduced. For both resist types the same preparation parameters
were used – namely, 15min on a hot-plate at 493K for PMGI, and 15min at 453K for
the PMMA.

Another important aspect of the process developed is that we can control the edge slope
profile by simple sample rotation in the deposition process. This characteristic applies
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NiFe NiFe

(a) (b)

0 rpm 20 rpm 

Figure 3.5: The effect of sample rotation on the edge profile. Due to the high
undercut quality of PMGI/PMMA resists, controlling edge slope is possible
by sample rotation in the evaporation process. SEM images for samples
processed with no rotation (a), and with 20rpm (b).

for directional evaporation processes, such as thermal and electron-beam evaporation.
The SEM images in Figure 3.5 display this effect – when sample rotation (20rpm) is
used for the electron-beam (EB) evaporation of NiFe, a sloped edge is clearly observed.
In contrast, if no rotation is employed, sharp squared edges are formed. Having this
degree of control is of paramount importance for the fabrication of multilayered nanos-
tructures. This is specially important when thin layers must be deposited over the
nanostructure. As illustrated in Figure 3.5, sloped edges obtained upon rotation allow
complete coverage of the bottom structure, whereas sharp edges hinder the top-layer
from covering the whole surface. In our application in specific, we are interested in
producing ultra-thin (0.5-2nm) tunneling barriers on top of transition metal electrodes.
Any discontinuity of this barrier may lead to catastrophic device failure, for example,
when a conducting material is deposited on top of this structure. The bottom and top
electrodes become electrically shorted, rendering the device nonfunctional.

3.3 Facile evaporation of smooth Aluminum thin-films

Structured and extended aluminum (Al) thin-film films are an integral part of com-
plementary metal-oxide-semiconductor (CMOS) technology, and also holds promise for
applications ranging from plasmonics[100] to spintronics[101]. In this thesis ultrathin
and/or ultrasmooth aluminum films were used in the fabrication of thin tunneling bar-
riers (see Section 3.4) and patterned gate electrodes, respectively. In this section we
describe the latter, namely, on how to obtain smooth aluminum thin films on a surface.

Aluminum thin films can be obtained from different physical vapor deposition (PVD)

40



3.3 Facile evaporation of smooth Aluminum thin-films

routes – thermal evaporation with heating filaments, electron-beam evaporation, or
sputtering. A common feature of all processes is that the resulting thin film has a very
rough surface. In Figure 3.6(a), a topographical atomic force microscopy (AFM) image
of a thermally evaporated Al thin film is shown. The texture is characterized by sharp
protrusions and depressions on the surface, which is the result of its strong tendency
to crystallize upon film growth. This has serious implications when the dimensions of
the structures of interest are reduced to the scale of the Al grain sizes (50∼250nm). As
seen in Figure 3.6(b,c), when the width of the structures are reduced to ∼80nm, the
long stripe is basically compose of a chain of grains. Electrical conductivity through
these scaled nanostructures are expected to be strongly dependent on the scattering at
these grain boundaries.
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Figure 3.6: The topography of thermally evaporated aluminum. An atomic
force microscopy (a), and a SEM image (b) of extended and structure Al
thin-film, respectively. In (c), the height profile of the Al nanostructure in
(b).

One important feature of the Al films exploited here is the fact that when Al films are
expose to air, a thin passivating AlOx layer (1∼2nm depending on the exposure time)
is formed at the surface. Moreover, AlOx is a highly insulating material (band-gap
∼8.8eV), whereas Al is a metal with one of the highest conductivities (3.5x107Sm−1).
Therefore, given the abundance of this material (the third on earth’s crust) and its
straightforward processing, Al becomes a potential candidate for the fabrication of
structured gate electrodes with embedded dielectric gate oxide. In fact, AlOx possesses
over two times higher permittivity then standard SiO2 providing a stronger capacitive
coupling and lower leakage currents in MOSFET devices. However, the surface rough-
ness (protrusions and depressions) hinder effective use of Al/AlOx as gate electrodes.
In fact, high performing transistors should have ultrasmooth gate dielectric surfaces.
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The two most common routes to decrease the surface roughness of Al films are: depo-
sition with the sample kept at cryogenic temperatures, and evaporating Al with high
deposition rates. Both approaches rely on the idea of inhibiting Al grain growth. At
low temperatures, surface diffusivity of Al on SiO2 surface is much reduced. Therefore,
Al atoms arriving at the substrate have lower chance of diffusing to existing grain nu-
cleation sites. This induces the formation of a much higher concentration of nucleation
sites, leading to a film with finer grains and consequent smoother surface. This is an
elegant solution, but it is also time consuming and requires specialized equipment.

Figure 3.7: Scheme of the thermal evaporation set-up. The samples are held in
relative close proximity to the Al source in order to achieve high evaporation
rates without excessive power settings.

An alternative technique is to grow the thin-films with fast deposition rates, keeping
the sample near room-temperature. At fast rates one can keep the substrate temper-
ature low given the short exposure time to blackbody radiation from the hot crucible.
Moreover, surface atomic diffusivity, which is higher than bulk self-diffusion, is strongly
suppressed by the rate at which new atomic layers are deposited. Quenching Al atomic
species (from gas phase) on a relatively cool substrate therefore leads to smoother sur-
faces by suppressing Al grain growth. In order to obtain high evaporation rates we have
modified our evaporation system (Kurt J. Lesker PVD 75) sample holder configuration.
This was done in order to align the samples co-linearly with the crucible (K. J. Lesker,
EVC5INTSPL02) and crucible heater (K. J. Lesker, EVCH12), and also to reduce the
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substrate-source distance. As illustrated in Figure 3.7, small quantities of aluminum
and a tall crucible (32mm) were used. This was important since the crucible heater
is operated with high power settings (set point 47∼48%, 400-420A) and the molten
Al tended to drip off the crucible, catastrophically damaging the heating plates. With
these settings and the sample in close proximity (16∼17cm), evaporation rates in the
range of 9∼22nms−1 have been obtained.

Rq~0.64nm

Rq~0.28nm

Evap. Rate ~ 22nm.s-1

Evap. Rate ~ 9nm.s-1

(a)

(b)

Figure 3.8: The topography of Al thin-films deposited with high evaporation
rates. As indicated, the r.m.s. roughness Rq of films evaporated at exces-
sively high rates (top), where considerably higher than for the optimized
evaporation rates (bottom) due to substrate overheating.

In Figure 3.8 AFM topographical images for the two evaporation rates are shown. For
very fast evaporation rates (∼22nms−1) we have obtained a fine-grained surface texture
with Rq=0.64±0.06nm (for ∼1s deposition time, 23nm thick), whereas for relatively
slower evaporation rates (∼9nms−1, for ∼2s, 21nm thick) the grainy texture disap-
pears (Rq=0.28±0.02nm). Root mean square roughness measurements were averaged
from three randomly chosen 2x2µm2 areas on the sample. For thick films deposited
at faster rates (∼20nms−1, ca. 200nm), the surface roughness drastically increases to
Rq=8±1nm (not shown). These results suggest the existence of a narrow processing
window, which is defined by an interplay between deposition rate and sample tempera-
ture. We observed a very rapid increase of substrate temperature when the evaporation
rate was too high, or when the exposure time was too long. High substrate temperatures
may promote higher surface diffusivity and grain recrystallization processes, which lead
to higher roughnesses. Therefore, by optimizing evaporation power settings and evap-
oration time, very smooth Al thin-films (Rq<0.3nm) were obtained. The importance
of smooth surfaces will become clear in Chapter 5, in which Al gate electrodes are used
in the manufacture of low-operating voltage organic field-effect transistors.
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3.4 Spin-polarized Electrodes with AlOx Tunneling
Barriers

Now we move our attention to the growth of ultra-thin Al films, which are useful for
the fabrication of spin-polarized tunneling electrodes. In order to manufacture spin
injection and detection nanoelectrodes it is important to understand what are the crit-
ical parameters influencing its quality. To do so, it is imperative and instructive to
review a few aspects of magnetic tunnel junction (MTJs) fabrication. As already dis-
cussed in Section 2.3.4, the most crucial step of MTJ fabrication is the insulating layer
growth, the layer decoupling the top and bottom FM electrodes. This barrier should
allow the conservation of the spin in the carrier tunneling process (i.e. spin-polarized
tunneling). This requirement alone indicates that the easily obtainable native oxides
of ferromagnetic metals (e.g. NiO, CoO, Fe2O3) should be avoided. These oxides act
as strong spin scattering centers, mixing spin-up and spin-down tunneling carriers. For
this reason, early MTJs based on Ni-NiO-Co[102] has showed measurable TMR effects
only at liquid Helium temperatures (4.2K). At room temperature, the strong param-
agnetic centers of the NiO tunneling barrier effective mixes the spin polarization of the
tunneling electrons, whereas at low temperature the spin scattering is less effective due
to magnetic moment ordering.

Growing continuous ultra-thin (0.5-3nm) insulating oxides on a metal surface over large
areas is highly challenging. The most straightforward route to grow these barriers is
the direct evaporation of insulating oxides. However, this route generally leads to
non-continuous barriers, with high concentration of pin-holes. Vapor-deposited oxides
have low-surface diffusivity on metal surfaces, hindering the formation of smooth and
continuous layers. The strategy found to be most effective is the deposition of a metal,
followed by its oxidation. This methodology has proven to be highly successful for
aluminum (Al). The surface diffusivity and wetting of Al on FM metal surfaces is
excellent in comparison to its oxides. Since the first Al atomic layers deposited, a
continuous film is formed, which can be later oxidized. In fact, even films as thin
as 0.4nm (two Al monolayers) have been demonstrated to lead to high TMR values
(∼10%) [103].

Another important aspect of producing high quality AlOx tunneling barriers is the
method employed to oxidize the Al film. Several methods exist – such as natural
air oxidation, in-situ oxidation with pure O2 (with or without UV light), and plasma
assisted oxidation (DC or RF). The most successful method for the oxidation of Al so far
has been the latter, which is employed in this work. Plasma oxidation is a very efficient
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Figure 3.9: NiFe/AlOx electrode test structure. (a) An optical micrograph of
the MTJ. Top and bottom FM electrode stacks form electrical contact
in a junction defined by an dielectric layer, as indicated. (b) Non-linear
tunneling-like current-voltage curve. (c) Anisotropic Magnetoresistance of
the FM electrodes, showing the different coercive fields. (d) Tunneling Mag-
netoresistance of the NiFe/AlOx/Co MTJ. Measurement performed with a
four-point probe layout at 295K and 8mV bias.

and convenient method since it allows deep O2 penetration and stoichiometry control at
room-temperature. For our lateral spin-valves the method is specially important, since
the O2 plasma additionally removes organic contamination prevenient from lithography
and ambient exposure. It is therefore important to demonstrate that after the device
processing, spin-polarized tunneling is conserved.

To verify the most critical features of the PEDOT:PSS nanoscale lateral devices, we
have produced large-area MTJs that mimic the process history of the spin-polarized
nanoelectrodes arrays presented in Chapter 4. One exemplary MTJ is shown in Fig-
ure 3.9(a), which consists of a NiFe(25nm)/AlOx bottom electrode, a thick insulating
AlOx (40nm) mask defining the junction area, and the top Co (20nm) electrode with
a layer of Ti (3nm) for protection against air oxidation (a TiOx passivation layer is
formed upon exposure to air). The thin-film stack of the bottom electrode is grown
with identical procedure to the one used in our nanoscale lateral devices. This also
entails exposing the spin injecting surfaces to air, a negative resist (ma-N2400 from
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Micro Resist Technology), and solvents (n-methyl-2-pyrrolidone, acetone, isopropanol,
and acidic water) in order to fabricate the dielectric mask and deposit the conducting
polymer. For these devices, the ultra-thin Al is plasma oxidized twice – after removing
from the evaporation chamber (to generate high quality barrier), and a short plasma
cleaning step to remove residual hydrocarbons from the surface before top electrode
evaporation.

Post-process oxygen plasma cleaning has been previously shown to be highly effec-
tive to recover TMR values on air/solvent-exposed MTJs.[92, 104] In the example of
Figure 3.9, a further test is performed. The clean bottom NiFe/AlOx electrodes are
shortly exposed to a PEDOT:PSS solution (at pH 4), and rinsed thoroughly with water
and ultrasonic bath. This is followed by thermal annealing of the electrode for 30min
(at 423K and 0.1mbar), before proceeding to the evaporation of the the top Co/Ti
electrode. This step is initially used to remove water residues from the PEDOT:PSS
(highly hygroscopic), but has also the crucial function of removing water molecules
from the AlOx surface.

Current-voltage (IV) measurement on MTJs is the first routine test made in order to
verify if the junction has a non-linear tunneling-like behavior, like the one shown in
Figure 3.9(b). When tunnel barriers are produced from very thin Al films (<1nm) it
is not uncommon to have several shorted junctions. Specially when the junction area
is very large, as the one prepared for this example. It is important to note, however,
that electrical shorts are not as critical for organic-based lateral devices. OSC small
molecules or polymers are very bulky, and therefore do not diffuse through underlying
low-quality tunnel barriers. In the following, it is also important to check the magneti-
zation reversal with the application of an external magnetic field. The easiest and most
direct measurement to probe the reversal is to evaluate the anisotropic magnetoresis-
tance (AMR) of the materials. As seen in Figure 3.9(c), a clear modulation of resistance
is observed for Co and NiFe with magnetic field. The NiFe strap possesses low coer-
cive field HC (∼1-2Oe), whereas Co is a harder magnet, with coercivity ∼20-25Oe at
room-temperature.

Figure 3.9(d) shows a representative tunnel magnetoresistance (TMR) curve obtained
with the MTJ described above. Large TMR values of ∼5% are routinely obtained at
room-temperature after lithography and exposure to PEDOT:PSS solution. This value
may seem low in comparison to record TMR values, but a few features of this junc-
tion must be evaluated. Firstly, we do not obtain a fully antiparallel magnetization
state of the junction. This can be seen from the magnetotransport measurement as a
peak-shaped curve when electrodes are in antiparallel state. No resistance plateau is
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achieved in the antiparallel state, as the one observed in fully optimized MTJs (Fig-
ure 2.8). This is an interesting feature since it clearly indicates that the TMR is much
higher than what is measured. To obtain junctions at a full antiparallel state with
materials with relatively close HC , the FM electrodes are generally grown under special
conditions. One important design rule to obtained well-spaced HC is to have very thin
FM films in order to reduce out-of-plane reversal and possible interlayer coupling. An-
other common approach is to use a seed layer (e.g. Ta, Si) for the bottom FM electrode
growth to obtain textured crystallography and allow sharper magnetization reversal.
Yet, another trick to obtain sharper reversal is to grow the FM electrode under mag-
netic field, promoting an preferentially magnetization axis. These optimizations have
been intentionally not employed since in this thesis well spaced coercive fields are ob-
tained by tuning the shape anisotropy, instead of crystallographic anisotropy of the
nanoelectrodes.

3.5 Nanoscale Lateral Spin Valves Fabrication Details

In the following, details of the manufacture of the organic lateral spin valves are pre-
sented. These devices will be further explored in Chapter 4. The devices were pre-
pared on square-shaped (10x10mm2) Si substrates, that were cut with an automated
diamond wire wafer dicer. All substrates were cleaned by sonication in acetone and
isopropanol for several minutes, thoroughly rinsed in deionized water, and exposed to
oxygen plasma for 20min (Diener PICO Plasma System, O2 10sccm, 1mbar, 100W).
The devices were fabricated in two lithographic steps with a RAITH150-TWO electron
beam lithography system. In the first step, a combination of LOR01B lift-off resist (ca.
85nm thick, baked out for 15min at 493K) with PMMA950K-A2 imaging resist (ca.
50nm thick, baked out for 10min at 453K) was used. Resist thickness was measured
using a mechanical profilometer (Veeco Dektak 150). Electron-beam exposed areas
were developed in two steps – first in MIBK:IPA (1:3) to remove exposed PMMA,
followed by ma-D525 to remove the PMGI-based resist (immersion for 8s with mild
agitation at 295K). A short O2 plasma treatment (<3s) was routinely used to ensure
a surface free of resist residues prior to metal deposition. Permalloy is electron-beam
evaporated with high deposition rates to guarantee a smooth surface (CreaTec Fischer
& Co. GmbH, ca. 1Ås−1, base pressure <4x10−9mbar, sample holder temperature
310K). Subsequently, aluminum is thermally evaporated from a Knudsen effusion cell
(ca. 0.8Ås−1, base pressure <2x10−8mbar, thicknesses varying from 0.5nm to 2nm). To
avoid contamination of the aluminum with magnetic impurities, the second evaporation
step is performed 2h after permalloy evaporation. The deposition process is monitored
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with a calibrated quartz crystal microbalance (QCM). Thin-film thickness calibration
was performed frequently using X-Ray Reflectivity (XRR) in an X’Pert Panalytical
system for all materials used. After metal evaporation the devices were transferred to a
parallel-plate plasma sytem, after a brief exposure to air. Aluminum is exposed to O2

plasma for ∼10s to oxidize the tunneling barrier (11mW/cm2, 6.6x10−2mbar, 70sccm
O2, base pressure <1x10−5mbar, Oxford PlasmaLab 80 Plus RIE System). Metal lift-
off is carried out in hot (373K) N-Methyl-2-pyrrolidone (NMP), followed by thorough
rinsing with fresh NMP and isopropanol. Short sonication was routinely used to assist
the cleaning process.

NiFe/AlOx Nanoelectrodes

SiO2 Mask
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Figure 3.10: Typical two-terminal organic lateral spin valve. The atomic
force microscopy image shows the topography of the interdigitated
NiFe(25nm)/AlOx(2nm) nanoelectrode, and the insulating dielectric
(SiO2) that defines the area where spin-coated PEDOT:PSS makes contact
with the electrodes.

For the devices with gaps below 200nm, a modified process was devised, wherein resist
thicknesses of both PMMA and PMGI resists were reduced to 50nm and 30nm, respec-
tively. This allowed for the fabrication of highly dense interdigitated nanoelectrode
arrays of high quality and reproducibility. An integrated dielectric mask is produced
in the second lithographic step. Negative-tone imaging resist ma-N2401 combined with
LOR01B lift-off resist is exposed to electron beam only at the spin-valve junction and
at the contact pads. The resist is developed using ma-D525 developer, thoroughly
rinsed, followed by the deposition of SiO2 by RF sputtering (4Wave Inc. System, base
pressure 10−9mbar, 40nm thick). Lift-off is performed in NMP, followed by thorough
rinsing with fresh NMP and isopropanol. The AFM image of Figure 3.10 shows the
device state after the lift-off and drying process. It is clear that residues left over from
lithography process remains on the surface. Therefore, a short O2 plasma treatment
is performed to remove these residues (ca. 5s, 5W, 6.6x10−2mbar, 70sccm O2) and
guarantee a clean interface between the nanoelectrodes and the modified PEDOT:PSS.
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3.6 Organic Semiconductor Processing

PEDOT:PSS thin-films

PEDOT:PSS dispersions are commercialized in a range of weight ratios and concentra-
tions. In this thesis the Clevios PH 1000 is used, a state-of-the-art PEDOT:PSS grade,
which shows the highest conductivities available commercially. This dispersion has an
1:2.5 PEDOT-to-PSS weight ratio, and can reach conductivities of 1000 Scm−1 after
appropriate treatment. The excess PSS necessary to obtain high-doping unfortunately
leads to dispersions with high acidity (pH ∼1.7), which complicates the integration of
PEDOT:PSS material with several materials. Therefore, the acidity of PEDOT:PSS
solution was carefully controlled with an organic base, allowing integration of this ma-
terial with less stable materials, such as Ni, AlOx, etc. In the following, the method
used to process and integrate PEDOT:PSS with lateral spin-valves is presented.

Three layers of freshly prepared PEDOT:PSS solution are spin-coated on top of the
device (120s at 3000rpm, ca. 200nm total thickness), and a moist cotton swab was
used to remove excess PEDOT:PSS and expose contact pads. PEDOT:PSS thickness
was calibrated with a mechanical profilometer. Solvent was allowed to evaporate for
5min on a hotplate at 350K (in air). The chip is then transferred to a vacuum oven
inside a glove-box (<0.1ppm O2 and <0.1ppm H2O), where a second baking step is
performed to remove residual solvent (30min at 420K, 1mbar). The acidity of the PE-
DOT:PSS solution was controlled following the procedure reported in Moet et al.[105]
by systematically adding an aqueous solution of of DMAE:H2O (1:8).1 Solution pH
was measured with a calibrated Orion micro pH electrode (Thermo Scientific, Inc.). To
enhance the conductivity of the spin-coated PEDOT:PSS films, 5%vol of DMSO was
added to solution and mixed at room-temperature for 1h to homogenize the solution
completely. We routinely prepared fresh solutions for each device batch, ultrasonicated
and filtered it directly before the spin-coating process (0.45µmMilliPore Corp. syringe
filters).

pBTTT Thin-Films

pBTTT thin-film can be prepared from solution processing techniques like spin-coating,
ink-jet printing, or drop-casting. The material can be dissolved in warm organic solvents
such as, 1,2-dichlorobenzene, tetralin, and so on. Solvent polarity improves solubility,
and therefore 1,2-dichlorobenzene is generally the solvent of choice. With this solvent, it

1Diaonized Water was produced with a Millipore Gradient A10 (18.2 MΩcm, <5 ppb organic matter).
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is important to dissolve the pBTTT at high temperatures (340-355K), whereas process-
ing can be performed at temperatures as low as 333K. Films processed at this tempera-
ture after being fully dissolved result in continuous films with high-quality. Difficulties
in obtaining continuous films arise when processing the films on highly hydrophobic
surfaces. Combining non-interacting surfaces with hot (355K) pBTTT solutions give
rise to dewetting at the spin-coating process (black regions in Fig. 1.4). However, if the
film is processed at 333-338K, and the solution is left for a few seconds over the sample
surface before spin-coating, obtaining continuous films is again possible.

3.7 Characterization Techniques

Scanning Electron Microscopy (SEM, FEI Quanta 250 FEG) and Atomic Force Mi-
croscopy (AFM, Agilent Technologies 5500) were routinely employed to verify device
quality. Unless otherwise stated, AFM images were recorded in tapping mode with gen-
eral purpose Si tips (Mikromasch NSC14/Al BS or Nanosensors PPP-NCHR). Room
temperature electrical measurements were performed under vacuum in a magnetic-
field-equipped variable-temperature probe-station (LakeShore Cryotronics, Inc.). De-
vices were transferred from the glove-box environment in a sealed container to avoid
moisture up-take, and only opened in a stream of N2 in the probe-station chamber.
Devices were left in vacuum (<3x10−4mbar) for 2h (up to 12h) before each measure-
ment. Temperature-dependent electrical measurements were performed in a Physical
Property Measurement System (PPMS, Quantum Design Inc.) equipped with liquid-
He cryostat in the temperature range 2K-350K, and magnetic fields up to 20kOe. Static
contact-angle measurements were performed with a G10 Krüss system.

The magnetic reversal of the spin-valve nanoelectrodes were routinely checked with
optical wide-field polarization microscope optimized for Magneto-Optical Kerr Effect
(MOKE) sensing. The microscope, provided by Evico Magnetics GmbH, is equipped
with an electromagnet that allows the application of a magnetic field of up to 500mT
along an arbitrary direction in the sample plane and with a CCD camera that is capable
of taking magnetic-contrast images of the sample surface. The local hysteresis loop can
be recorded by selecting an arbitrary region in the field of view, allowing quick testing
on actual devices.

Devices measured in the PPMS system have been baked out for 2h at 400K (∼10mbars)
before measurements to evaporate moisture adsorbed in the transfer process. Current-
Voltage (I-V), Current-Magnetic Field (I-H), and Resistance-Temperature (R-T) data
were recorded with different semiconductor parameter analyzers controlled by Lab-
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View programs (National Instruments Corp.). Most room-temperature I-H measure-
ments were performed with Keithley 4200-SCS, whereas temperature-dependent and
low-temperature measurements (<80K) were performed with a current source (Keithley
6220) and a nanovoltmeter (Keithley 2182A). In order to reduce resistance measurement
uncertainty we routinely performed a sequential measurement method, subtracting the
recorded voltage at zero and the required current.[106] The result was averaged over
several measurements, normally around 16-64 times. This allowed to compensate for
thermoelectric offset currents, reduce the effect of capacitive couplings, and reduce the
noise level.
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4 Charge and Spin Transport in
PEDOT:PSS Nanoscale Lateral
Devices

In this Chapter, the electrical transport of the highly conductive poly-(3,4-ethylene-
dioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) is investigated with ohmic
and spin-polarized tunnel contacts at nanoscale lateral dimensions. Temperature-dependent
charge transport measurements reveals that electrical conductivity scales non-linearly as
a function of electrode spacing, which is attributed to the localization of carriers induced
by the disorder introduced by the PSS polyelectrolyte. In addition, we demonstrate the
integration of this conducting polymer in nanoscale lateral spin valve devices by increas-
ing the pH of the PEDOT:PSS solution. We present charge and magnetotransport mea-
surement results of NiFe/AlOx/PEDOT:PSS/AlOx/NiFe lateral structures for various
thicknesses of the alumina tunnel barriers. We discuss the absence of magnetoresis-
tance of our spin valves within the framework of Valet-Fert theory, and estimate an
upper limit for the spin lifetime of carriers in PEDOT:PSS to τsf ≤ 50ns.

4.1 Introduction

Organic spintronics is a branch of electronics concerned with exploiting both the charge
and the spin of the electron in organic semiconductors (OSC). The prospect of using
the carrier’s spin in OSC has led to a number of device concepts, such as organic
magnetic sensors[107], spin-valves[82], and spin-polarized organic light emitting diodes
(OLED)[108]. OSCs are very attractive for spintronics applications for several reasons.
Firstly, their very small spin-orbit interaction, caused by the low atomic number (Z) of
the elements composing semiconducting molecules, leads to very long spin lifetimes for
this class of materials.[109, 110] Secondly, ample flexibility in the design of functional
molecules makes them perfectly tunable to each specific device design. A typical or-
ganic spintronics device consists of two ferromagnetic (FM) electrodes separated by an
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organic semiconductor spacer. Substantial modulation of the device resistance is ex-
pected upon changing the relative alignment of the magnetization of the ferromagnetic
electrodes. Indeed, very large magnetoresistance (MR>300% [111]) has been observed
for devices with ultra-thin organic layers, wherein the transport mechanism is domi-
nated by direct tunneling[79, 112], or by multi-step tunneling through localized states
or defects[113–115]. These large MR values are strong evidence of the conservation of
the spin information in the period it travels through the organic spacer.

Until now, organic spintronic devices are predominantly designed as vertical struc-
tures. Although widely used, this geometry is prone to artifacts caused by the top
electrode metal penetration[77, 87, 116] radiation damage in the organic layer[117] or
other fabrication issues. These problems cause controversy in the interpretation of the
electronic transport data, and make peremptory the search for new device geometry.
The logical step in the design of more reliable experimental conditions is the fabri-
cation of lateral spin valves for organic semiconductors, in which the electrodes are
laid-out coplanarly instead of being vertically stacked. This approach is particularly
attractive since it offers ample control over device parameters (e.g. channel length,
electrode width, interfacial roughness), thereby greatly increasing experimental flexi-
bility and the range of materials that can be studied.[92] However, satisfying optimal
design procedures for the fabrication of high quality lateral devices is not an easy
undertaking[118] and, as a result, only a limited number of experiments have been
reported following this approach.[89, 91, 92, 119, 120] Here we report on the fabri-
cation and characterization of lateral spin valves for a doped organic semiconductor,
namely poly(3,4-ethylenedioxythiophene) stabilized with poly(4-styrenesulphonic acid)
(PEDOT:PSS). This composite can be dispersed in water due to the hydrophilicity of
the PSS polyelectrolyte, and it can be processed into smooth thin films by spin coat-
ing. Benchmark conductivity values in excess of 1000 Scm−1 can be obtained due to
the PSS doping combined with appropriate solvent treatments[121, 122]. The dopant
produces a strong π-orbital overlap and consequent delocalization of the carrier wave-
function at the Fermi energy (εF ), retaining ohmic transport characteristics over a wide
temperature range at weak to moderate electric fields.

Previous attempts to obtain spin-polarized charge transport in lateral spin valve de-
vices have largely focused on pristine organic semiconductors, which possess a narrow
density of states at energy levels that are usually offset from the ferromagnetic electrode
work function. In contrast, highly-doped organic semiconductors such as PEDOT:PSS
have a high density of states accessible for transport with high work-function ferromag-
netic electrodes. Consequently, devices can be operated at very low voltages without
the application of any electrostatic gate. Moreover, the inherent bulk conductivity is
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fundamentally important for the design of multi-terminal organic spintronic devices,
which may potentially allow non-local measurements of spin currents.[120]

Here we present details on the lateral electrical transport characteristics of spin-coated
PEDOT:PSS at scales that are relevant to spin transport in organic semiconductors
(<500nm) with bottom nanoelectrodes made of Au, and Ni80Fe20 (NiFe, permalloy)
coated with a thin alumina tunnel barrier (AlOx). Measurements with Au electrodes
showed a rapid increase in the conductivity of PEDOT:PSS upon reduction of the
distance between the electrodes, which reveals the effect of insulating PSS barriers for
lateral electrical transport. Magnetotransport data in the samples with ferromagnetic
NiFe electrodes allow us to estimate an upper limit for the carriers’ spin lifetime of
PEDOT:PSS to τsf ≤ 50ns.

4.2 Device Design and Fabrication

The devices were designed in order to minimize any damage to the delicate PEDOT:PSS
in the fabrication process. Accordingly, PEDOT:PSS integration with the NiFe/AlOx

and Au nanoelectrodes has taken place only at the last fabrication step, avoiding in
this way any interaction of the conducting polymer with organic solvents and/or high-
energy radiation. In Figure 4.1(a) a photograph of a typical device is shown, in which
one can see the Si/SiO2 substrate (grey), and the contact pads (yellow) covered with
a square-shaped dielectric maskof SiO2 that defines the area in which the spin-coated
PEDOT:PSS (green) makes electrical contact with the electrodes. In Figure 4.1(b)
a scanning electron micrograph of one of the spin-valve device junctions (type 1 ) is
shown. The device comprises two-terminal interdigitated nanoelectrodes (green) of
80nm (FM1) and 280nm (FM2) in width. The nanoelectrodes were obtained with
well-defined geometry and channel lengths ranging from 690nm down to 80nm. An
atomic force microscopy (AFM) cross-section profile of a typical structure is overlaid
in the illustration of Figure 4.1(c) (light red), demonstrating the edge quality of the
nanoelectrodes. The integrated dielectric mask (blue in Figure 4.1(b)) was patterned
using a negative resist, creating an opening (window) that allowed electrical contact of
the spin-coated PEDOT:PSS with the electrodes. The opening area was selected such
that the total interface area between the electrodes and the PEDOT:PSS summed up to
∼ 150µm2 and ∼ 300µm2 for the electrodes with small and large widths, respectively.
Relatively large junction areas were chosen due to the heterogeneity of the PEDOT:PSS
blend. This guaranteed the comparability amongst different devices in the chip and to
obtain larger current values.
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Figure 4.1: Lateral spin valves (Type 1 ) and four-point probe (Type 2 ) devices. (a)
Exemplary digital photography of the fabricated devices – the electrodes,
the integrated dielectric mask, and the PEDOT:PSS are clearly visible. (b)
False-color scanning electron micrograph (SEM) of a typical two-terminal
interdigitated spin valve. Each NiFe/AlOx nanoelectrode (light green) pos-
sesses different width for independent control of the terminal’s magnetiza-
tion. The integrated SiO2 mask (light blue) defines the area where PE-
DOT:PSS makes contact with the ferromagnetic electrodes. (c) Schematic
representation of the device’s cross-section. The NiFe(25nm)/AlOx(0.5-
2nm) are 80nm (FM1) and 280nm (FM2) wide. An AFM cross-sectional
profile is overlaid (light red) in the schematics, demonstrating the edge
quality of the nanoelectrodes. An optical microscopy image of a typical
four point-probe devices (Type 2) with integrated SiO2 mask is shown in
(d). In (e), the corresponding SEM image shows junctions with Ti/Au
electrodes separated by 700nm.

Four-point probe devices (type 2, Figure 4.1(d)) for conductivity measurements were
fabricated in similar manner – namely, bottom electrodes (Ti 1nm/Au 25nm) with an
opening defined by a patterned SiO2 dielectric mask. The PEDOT:PSS was then de-
posited via spin-coating (200nm thick). In each chip, devices with various electrode
separations (300nm, 700nm, and 5µm) were laid out, in order to study the effect of
channel length in PEDOT:PSS electrical transport. In Figure 4.1(e) an SEM micro-
graph of a device with 700nm electrode separation is shown (without dielectric mask).
Further technical details of the manufacture of both device types are given in Chapter3
Section 3.5 and 3.6.

For the spin-valve devices (type 1 ), alumina tunnel barrier (light green in the illus-
tration of Figure 4.1(c)) was grown on top of the NiFe electrodes with thicknesses
ranging from 0.5nm to 2nm (nominal values) for a number of reasons. Firstly, fab-
rication of lateral spin valves with air-exposed ferromagnetic metal electrodes would
lead to the formation of a variety of antiferromagnetic transition metal oxides at the
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Figure 4.2: Titration of PEDOT:PSS PH1000 with aqueous dimethylaminoethanol.
The pH range where the AlOx tunnel barrier is chemically stable is marked
in light green. The chemical structures of PEDOT and PSS are depicted in
the inset. A small decrease in conductivity was observed upon DMAE ad-
dition at pH4, as indicated in the graph. Conductivity measurements were
performed after addition of DMSO (conductivity enhancer), in four-point
probe geometry (Au electrodes).

surface, which randomize the spin state of the electrons. Secondly, even though we
employ an organic spacer of relatively high conductivity, there is still a “conductivity
mismatch”[60] between the NiFe electrode and PEDOT:PSS of the order of ∼103. The
passivating AlOx layer helps to recover the spin accumulation at the AlOx/PEDOT:PSS
interface. Thirdly, the alumina tunnel barrier provides sufficient chemical stability to
the electrodes against the dissolving effect of the acidic PEDOT:PSS aqueous solutions
(pH1.8 in its pristine state). For instance, dissolution of the NiFe electrodes has been
observed upon immersion in warm (50◦C) dilute poly(sulfonate styrene) aqueous so-
lutions even for pH5 (not shown). In contrast, AlOx is chemically stable in aqueous
solutions ranging from pH4 to pH8.5.[123]

For all devices the PEDOT:PSS solution has been increased to pH4 by systemati-
cally adding the organic base 2-(dimethylamino)ethanol (DMAE). As indicated in the
PEDOT:PSS titration curve in Figure 4.2, the addition of 2.3%v/v of dilute aqueous
solution of DMAE (1:8 dilution) reduces the acidity of the PEDOT:PSS to pH4. The
measured conductivities of the modified PEDOT:PSS processed with DMSO (5%v/v)
have reduced slightly – from ∼800Scm−1 in its pristine state to ∼120Scm−1 after DMAE
addition. Thin films of NiFe(25nm)/AlOx(1nm) were immersed in hot solutions (60◦C)
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a. b.
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Figure 4.3: Stability of NiFe/AlOx thin films in hot PEDOT:PSS solutions at pH4.
a. Atomic Force Microscopy image of NiFe(25nm)/AlOx(1nm) thin film
deposited of Si(n++)/SiO2. The roughness for the pristine film was
Rq∼0.98nm. b. Atomic Force Microscopy image for the same film im-
mersed in hot solutions (333K) of modified PEDOT:PSS (pH4) for 25min.
The measured roughness of the treated film was Rq∼0.96nm. The mor-
phological changes after treatment may be attributed to adsorbed polymer
molecules, since no thorough cleaning has been made after immersion in
PEDOT:PSS. The surface roughness values obtained are much higher than
the device-grade films/nanostructures roughness (Rq<0.5nm) due to the
lower quality substrates used (test-grade silicon wafer with rms roughness
Rq>0.6nm).

of modified PEDOT:PSS (pH4) for 25min in order to verify its chemical stability. No
damage has been detected, as observed by optical microscopy and by AFM (Figure 4.3).
Note that we consider in our work only devices with smooth NiFe/AlOx electrode sur-
faces, having root-mean-square roughnesses Rq<0.5nm.

4.3 Scaling effect of PEDOT:PSS conductivity

The conductivity of spin-coated PEDOT:PSS has been widely studied for various de-
vice geometries – lateral four-terminal,[124] and vertical two-terminal devices[125] –,
and with different formulations – varying the pH,[126] solvent[127] or additives[128].
Temperature-dependent charge transport measurements of this disordered three-dimensional
electronic system have demonstrated that transport occurs mainly through hopping of
charge carriers. Scanning electron microscopy and scanning tunneling microscopy mea-
surements have shown that the morphology of spin-coated PEDOT:PSS is composed
of pancake-shaped PEDOT-rich clusters with sizes of the order of 50nm, surrounded
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Figure 4.4: Four-point probes for lateral charge transport measurements of
Au/PEDOT:PSS/Au type devices. a, b, c. Scanning electron micrographs
of Au electrodes patterned by electron beam lithography for channel lengths
of 5µm, 700nm, and 300nm, respectively. d, e, f. Optical Microscopy im-
ages (x1000) of devices with integrated SiO2 mask. This insulating mask
defines the area in which spin-coated PEDOT:PSS make contact with Au
nanoelectrodes (images size 100x120µm2). For junctions (b, e) and (c, f) ex-
tra isolated Au nanostructures have been placed near the active electrodes.
This was found to improve electrodes’ edge quality in the lift-off process.

by PSS-rich lamellae.[129, 130] Recent AFM studies have shown that the PEDOT-rich
regions have filamentary morphology for the PEDOT:PSS grade used here (Clevios
PH1000).[131] Transmission electron microscopy (TEM) studies have shown that the
filaments can extend over hundreds of nanometers.[132] Sub-micrometer vertical charge
transport has been shown to differ dramatically from millimeter-sized lateral transport
in spin-coated PEDOT:PSS.[133] The effect was assigned to the higher concentration of
PSS insulating barriers in the carriers’ path in the vertical direction. Of particular rele-
vance to our study is the understanding of the sub-micrometer lateral charge transport
of spin-coated PEDOT:PSS, which is still lacking. To address this question, four-
point probe temperature-dependent charge transport measurements were performed
on devices fabricated with Au nanoelectrodes separated by 300nm, 700nm, and 5µm
(Figure 4.4).

Temperature-dependent, sub-micrometer lateral charge transport measurements of the
modified PEDOT:PSS are shown in Figure 4.5. The results were interpreted in the
framework of Mott’s variable-range hopping (VRH) for disordered electronic systems.[134]
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The conductivity was found to follow a stretched exponential temperature dependence
over the temperature range 300K-10K, and is expressed as:

σ (T ) ∝ exp
[
−
(
T0

T

)x]
, (4.1)

wherein T0 is the material-dependent characteristic temperature, and x=(1+D)−1is the
hopping exponent related to the dimensionality D of the system. The characteristic
parameters of the system can be precisely determined by plotting the reduced activa-
tion energy W(T)=−d(ln ρ)/d(ln T) against temperature T, where ρ is the material‘s
resistivity (Figure 4.4(c)). The hopping exponents x can be determined from the slope
of a linear fit in the log-log plot of W(T), whereas T0 can be obtained with[135, 136]

T0 =
(
−10A

x

)− 1
x

, (4.2)

where A is the intercept of the curve with the log(W(T)) axis. In the analysis we
find T0=1119K (L=5µm), 1231K (L=700nm), and 1260K (L=300nm) for the slopes
(x≈0.43) depicted in Figure 4.4(c). This demonstrates that our modified PEDOT:PSS
treated with high-boiling point solvent is in the quasi one-dimensional Mott-VRH
regime (D≈1).

60



4.3 Scaling effect of PEDOT:PSS conductivity

10 100

1

2

3

4

X
300nm

= -0.43 ± 0.02

X
700nm

= -0.43 ± 0.02

W
 (

T
)

Temperature (K)

L = 5�m
L = 700nm
L = 300nm

X
5�m

= -0.43 ± 0.01

Fitting slopes

0 1 2 3 4

0

2

4

6 8K
15K
25K

H2 (T2)

ξ 57.9nm

ξ 65.2nm
ln

[�
(H

)/
�
(0

)]

ξ 64.1nm

 

 

 

0.05 0.10 0.15 0.20 0.25 0.30
0.1

1

10

100

400 100 44 25 16 11
Temperature (K)

C
o

n
d

u
ct

iv
it

y
( S

cm
-1
)

T-1/2(K-1/2)

5�m
700nm
300nm

0.1 1 10
0.0

0.2

20

40

60

80

100

120

C
o

n
d

u
ct

iv
it

y
( S

cm
-1
)

Channel Length (�m)

10K
100K
200K
300K

(a) (b)

(c) (d) (x10 )
-3

Figure 4.5: Temperature dependence of conductivity for Au/PEDOT:PSS/Au junc-
tions. (a) Distinct increase in conductivity is observed upon reduction of the
distance between electrodes for temperatures from 300K to 10K. Four-point
probe conductivity measurements were performed for electrode spacings of
5µm (black squares), 700nm (red circles), and 300nm (blue triangles). (b)
Conductivity variation with electrode spacing for different temperatures
(10K in black, 100K in red, 200K in blue, and 300K in green). The scaling
effect is more pronounced at elevated temperatures. (c) Reduced activation
energy versus temperature in log-log scale for different L. The linear fitting
slopes are depicted within as inset. Fittings were removed for clarity. (d)
Magnetoresistance ln[ρ(H)/ρ(0)] versus H2 for junction with L=5µm, for
T=8, 15, 25K.

Within the framework of the one-dimensional VRH theory, the characteristic temper-
ature T0 is related to the density of states of the PEDOT:PSS at the Fermi level
N (εF ), and to the localization length ξ of the electron’s wavefunction via the equation
T0 = 4/N(εF )ξkB.[134, 137] The localization length ξ in one-dimensional hopping elec-
tronic systems can be estimated from the dependence of resistivity with weak magnetic
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fields (H) with the expression

ln
[
ρ(H,T )
ρ(0, T )

]
= t

(
ξ

LH

)4 (
T0

T

) 3
2
, (4.3)

where t=1/288 is a numerical constant [138], and LH =
√
ch̄/eH is the magnetic length.

The VRH theory predicts a positive magneoresistance having quadratic response, as
observed in our devices. In Figure 4.5(d) the magnetoresistance curves for the junction
with L=5µm at different temperatures are shown. The localization length is evaluated
with Eq. (4.3), and is estimated to be ξ=62±4nm, as indicated in Figure 4.4(d).
Localization lengths for PEDOT:PSS as high as ∼44nm have been reported in the
literature.[139] We argue that the higher values obtained here should be related to the
superior conductivity of our PEDOT:PSS grade, even after DMAE modification. An
increased ξ has been previously suggested by Xia et al.[131] for the same PEDOT:PSS
grade used here. Our results confirm the claim, which has been attributed[131] to the
higher molecular weight of the PEDOT:PSS grade used.

Having estimated ξ, we find a density of states N1D(εF )≈6.9x106eV−1cm−1 for our
modified PEDOT:PSS (pH 4). Note that this density of states is relevant only to
the PEDOT chains participating in the transport. Assuming a rectangular density of
states at the Fermi energy with a typical bandwidth of 0.5eV[140], we can obtain the
1D carrier concentration n. To convert to a meaningful three-dimensional n value, we
compensate the 1D carrier concentration by the proportion of PEDOT to PSS chains
in the solid (1:2.5 by weight), and obtain n3D≈1.4x1018cm−3. The obtained carrier
concentration for our modified PEDOT:PSS (pH4) will be useful in the next section
for the analysis of the magnetotransport measurements of spin-valve devices.

Although PEDOT:PSS retains similar temperature-dependent electrical response from
bulk-like to the sub-micrometer regime, it is remarkable to find an increase in con-
ductivity when the electrode spacing is reduced (see Figure 4.5(a,b)). Moreover, the
conductivity increase is dependent on the temperature – the higher the temperature,
the more the conductivity increases when electrode spacing is reduced, as highlighted in
Figure 4.5(b). This scaling effect can be interpreted in terms of the localization of the
carriers’ wavefunction by the energetic and spatial disorder induced by the insulating
PSS shells/lamellae, which surround the complex network of PEDOT:PSS conduction
paths. In this context, the different rates at which the conductivity changes are an indi-
cation that the carrier’s wavefunction can get localized when arriving at a PSS barrier.
Or alternatively, it can tunnel through the insulating layer depending on the thermal
energy available, the applied voltage bias, and the PSS shell thickness. Note that our
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4.4 Tunnel-coupling of ferromagnetic electrodes to conducting polymers

conductivity measurements were taken at low electric-field regime (e∆V < kBT ). In
this limit, thermal effects are expected to become apparent in the material’s electrical
response. At room temperature, the PEDOT:PSS-rich areas are highly delocalized and
impose little resistance to the carrier transport. Thermally-assisted tunneling through
thin PSS layers is possible due to the available thermal energy, and consequently this is
the strongest component of the measured resistance. Decreasing the system size reduces
the amount of PSS barriers to transport, and as a result the measured conductivity
increases. At low temperatures, the carriers percolate along the PEDOT:PSS-rich con-
duction paths with relatively high resistances, while tunneling through the PSS barrier
is severely inhibited due to the lack of thermal energy. In this case, a weaker depen-
dence of the conductivity with the system size is observed, given that the PSS no longer
has such a strong influence in conductivity.

4.4 Tunnel-coupling of ferromagnetic electrodes to
conducting polymers

Now we move our attention to the analysis of the NiFe/AlOx/PEDOT:PSS/AlOx/NiFe
two-terminal spin valves. Ferromagnetic electrodes were engineered to have different
coercive fields (HcFM1 and HcFM2) by tailoring the width of the electrodes of each
terminal. Magneto-optic Kerr effect (MOKE) microscopy has been used to verify the
independent reversal of the NiFe/AlOx electrodes’ magnetizations, with the application
of an external in-plane magnetic field. As seen in Figure 4.6, two distinct coercive fields
are observed, HcFM1 = 190 Oe for the 80nm wide electrodes, and HcFM2 = 70 Oe for
the 280nm wide ones. The MOKE signal strength of the FM2 electrodes is markedly
stronger than the FM1 signal due to the higher surface area.

Current-voltage (I-V ) measurements were conducted to examine the integrity of the
device and its charge transport properties. It has been observed that the combination
of solution-processed PEDOT:PSS at pH<4 with NiFe/AlOx nanoelectrodes was highly
detrimental to the electrical stability of the junction (not shown). However, for the mod-
ified PEDOT:PSS at pH4, stable junctions were obtained, given that the noise level
was generally only ∼0.1% of the total current. Figure 4.7(a) shows the typical room-
temperature I-V curves of the PEDOT:PSS spin-valves for different thicknesses of AlOx

tunnel barrier and voltage bias up to 1V. The non-linear I-V response is symmetric and
shows no hysteretic behavior, indicative of a good quality quantum-mechanical tunnel-
ing from the NiFeFM1 nanoelectrodes to the PEDOT:PSS through the AlOx

FM1, and
from the PEDOT:PSS to the NiFeFM2 through the AlOx

FM2. Temperature-dependent
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Figure 4.6: Magnetic hysteresis loops of the NiFe/AlOx nanoelectrodes measured by
MOKE. Data was recorded in the actual spin-valve device at room temper-
ature. Two distinct coercive fields are observed, HcFM1= 190 Oe for the
80nm wide electrodes, and HcFM2= 70 Oe for 280nm.

resistance measurements in the 300K-10K range were also carried out to confirm that
the observed nonlinearity indeed originates from the tunneling barrier, rather than
from space-charge limited transport in undoped PEDOT:PSS regions. As seen in Fig-
ure 4.7(b), the Resistance-Temperature (R-T ) response of a representative device shows
weak temperature dependence for several junctions within the chip, having different
channel lengths: 200nm (black squares), 250nm (red circles), 380nm (blue triangles),
and 480nm (inverted green triangles). The observed invariance of resistance as function
of channel length, and the weak temperature-dependence is expected since the tunnel-
ing barrier dominates device resistance. Note that the PEDOT:PSS contribution to
the series resistance was on the order of ∼400mΩ at room temperature, which is less
than ∼0.001% of total junction resistance for the devices with the lowest impedances.
From the combination of these results it becomes evident that the highly conductive
PEDOT:PSS has been successfully integrated with the NiFe/AlOx spin-polarized tun-
neling electrodes.

One important requirement in the construction of spin valves for diffusive systems is
the selection of appropriate interface resistance between FM electrodes and the non-
magnetic spacer. Resistance-area products spanning over three orders of magnitude
have been obtained by tuning the AlOx thickness – from 6x10−7Ωm2 to 2x10−4Ωm2

within the 17 devices measured. However, the detection of spin transport signal has
remained elusive even for devices with the smallest electrode spacing (80nm), and at
the lowest temperatures (down to 10K). This result is represented in Figure 4.8 (grey
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Figure 4.7: Electrical transport characteristics of the
NiFe/AlOx/PEDOT:PSS/AlOx/NiFe lateral spin valves. (a) Current-
voltage response of the spin-valves with different tunnel barrier thicknesses
(indicated in the graph). (b) Resistance-temperature curve of an exemplary
chip recorded from 300K to 10K. Spin-valve junctions with several channel
length are plotted – 200nm (black squares), 250nm (red circles), 380nm
(blue triangles), and 480nm (green inverted triangles). The measurement
was performed applying a D.C. current of 1µA, and measuring the voltage
of the two-terminal device.

symbols), wherein the normalized magnetoresistance is depicted as function of the RA
products of the measured devices at room temperature. A typical magnetoresistance
measurement sweep is shown in the inset of Figure 4.8 – the data were recorded at
10K, and the applied bias was 100mV for a PEDOT:PSS spin valve with 80nm channel
length.

In view of our experimental results for the NiFe/AlOx/PEDOT:PSS/AlOx/NiFe struc-
tures combined with the material parameters acquired with the Au/PEDOT:PSS/Au
lateral junctions (e.g. density of states and resistivity of PEDOT:PSS), we can now
proceed to examine the absence of spin signal in our PEDOT:PSS spin valves with the
theory developed by Fert & Jaffres for spin transport in diffusive systems.[59, 62] The
magnetoresistive response of the NiFe/AlOx/PEDOT:PSS/AlOx/NiFe structures can
be expressed as,[62]

∆R = 2(βrF + γrb)2

(rb + rF ) cosh
(
tN
lN
sf

)
+ rN

2

[
1 +

(
rb

rN

)2
]

sinh
(
tN
lN
sf

) (4.4)

where rb is the interface resistance value (RA product), rN is the spin resistance product
for the non-magnetic spacer, ρN lNsf , and rF is the spin resistance product for the ferro-
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Figure 4.8: Magnetotransport characteristics of NiFe/AlOx/PEDOT:PSS/AlOx/NiFe
spin valve devices. The experimental data points are shown as black sym-
bols for different channel lengths. The calculated normalized MR for the
smallest channel length (80nm) is represented as function of the RA product
and spin lifetime in PEDOT:PSS (τsf ). In the inset a typical experimental
MR measurement result is depicted for a device with channel length 80nm,
bias voltage 100mV, temperature 10K, and external magnetic field from
-900Oe to +900Oe.

magnetic material, ρF lFsf . This equation holds for PEDOT:PSS thickness approximately
equals the FM electrode width, which is the case for our lateral spin valves. The value
of lNsf is unknown, while lFsf = 5.5nm for NiFe ferromagnetic material.[141] We have
conservatively set the interfacial spin-asymmetry coefficient γ, which is related to the
spin-dependent interface resistance (AlOx tunneling barriers), to γ = 0.3.[70, 142, 143]
This can yield a maximal magnetoresistance value of ∆Rmax/RP = γ/ (1− γ2) = 9.8%.
The device resistance in the parallel configuration of the electrodes’ magnetization RP

was computed using Eq.2.21. The degrading effect of interconnects/contact pads re-
sistances (750Ω) was included in the calculation of RP , and the bulk spin-asymmetry
coefficient β of the NiFe ferromagnetic electrodes was set to β = 0.7.[144] The value of
rN is calculated using,[62]

rN = h̄π

(3π2)
1
6 e2

√
τsf
2τ n

−2/3 (4.5)
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in which PEDOT:PSS is taken as a degenerately doped semiconductor. Material param-
eters for the modified PEDOT:PSS (pH4), such as carrier concentration n ≈1.4x1018cm−3

and resistivity ρN ∼= 9mΩcm, were input from the study of the local charge transport
with the Au/PEDOT:PSS/Au lateral junctions.

It is important to note that although the theory was initially developed for met-
als/semiconductors, it may be extended to our highly-doped organic semiconductor,
given that it retains metallic electrical characteristics in most of the temperature and
voltage range evaluated. This is shown in Figure 4.8 for the smallest channel length
(80nm), taking the unknown spin lifetime τsf = 1ns(green), 50ns (red), and 1µs(blue).
The calculations revealed that measurable magnetoresistance values could only be de-
tected for a narrow range of interface resistances in our PEDOT:PSS spin valve. More-
over, we observe that the high interface resistances obtained with AlOx barriers (grey
symbols) might actually prejudice the chances of having a measurable spin signal. It
is noticeable, however, that if the spin lifetime were τsf ≥ 50ns (blue and red regions),
we should have been able to detect MR in some of our devices. This allows us to
estimate an upper limit to the spin lifetime in PEDOT:PSS to τsf ≤ 50ns, which has
been calculated by conservatively setting the minimal measurable MR signal to 0.1%,
see also inset of Figure 4.8.

This result suggests the use of alternative tunnel barriers that are sufficiently transpar-
ent for electron tunneling and chemically stable to the acidic PEDOT:PSS solutions.
For instance, the well-established MgO tunnel barriers would qualify from the electrical
standpoint (RA products on the order of 10−11Ωm2 to 10−8Ωm2),[145, 146] but success
may still be hindered due to its low chemical stability in acidic aqueous solutions.

Perhaps the main outcome of our interpretations, irrespective of the absence of spin
signal in the experiment, is the possibility of estimating the upper limit for the spin
lifetime of carrier diffusion in PEDOT:PSS (τsf ≤ 50ns). This result suggests that early
electron paramagnetic spin resonance observations of spin lifetimes in organic conduc-
tors (e.g. polyaniline with τsf ≥ 1µs)[147] may not be directly applied to spin transport
studies. Nonetheless, further studies can be carried out on alternative spin-tunnelling
electrodes with high spin polarization, in order to verify whether spin transport in
PEDOT:PSS can be achieved at lower values of interface resistance.
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4.5 Conclusions

We have presented charge transport studies of spin-coated PEDOT:PSS with ohmic
and spin-polarized tunnel contacts at nanoscale lateral dimensions. The approach used
allowed us to fabricate well-defined lateral devices, while preventing any damage to
the organic film and interfacial metal diffusion from top electrodes. We have experi-
mentally demonstrated the non-linear enhancement of the conductivity of PEDOT:PSS
upon the reduction of the electrode separations at sub-micrometer scales. This previ-
ously unreported scaling effect is a characteristic feature of hopping charge transport in
highly disordered systems, which, in our particular case, is revealed when the device’s
lateral dimensions approach the spatial extent of the carriers’ wavefunction localization
induced by disorder.

Due to the highly delocalized nature of this doped organic semiconductor and conse-
quent superior diffusivity of carriers, we have fabricated two-terminal lateral spin-valve
devices to address its spin transport properties. To that end, we have demonstrated
the feasibility of integrating the traditional NiFe/AlOx spin-polarized tunnel electrodes
with PEDOT:PSS when the polymer solution is increased to pH=4. This procedure
is not limited to the NiFe/AlOx/PEDOT:PSS system, but may be extended to other
conducting polymers and FM metal electrodes. We do not observe any measurable MR
signal in our NiFe/AlOx/PEDOT:PSS/AlOx/NiFe lateral spin valve structures, which
we attribute to the high RA products obtained with the AlOx tunnelling barriers (10−7

to 10−4Ωm2). However, the agreement with theoretical predictions suggests the use of
a rather lower interfacial resistance between PEDOT:PSS and NiFe to transform the
spin information into significant MR electrical signals. Moreover, we have found an
upper limit for the spin lifetime τsf ≤ 50ns, which is an invaluable material input for
further investigations.
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5 Mixed Self-Assembled Monolayer
Gate Dielectrics For Low-Voltage
Solution-Processed Polymer Field
Effect Transistors

In this Chapter, ultrathin hybrid gate dielectrics based on aluminum oxide (AlOx) and
a mixed-type phosphonic-acid self-assembled monolayers (SAM) are studied with a high
performance liquid-crystalline semiconducting polymer, viz. poly(2,5-bis(3-alkylthiophen-
2-yl)thieno[3,2-b]thiophene (pBTTT). We demonstrate that by tailoring the assembly of
carboxylate terminated SAMs one can obtain high surface energy, while recovering the
leakage current levels obtained with high quality methyl terminated monolayers. We
also study the impact of the underlying patterned gates on the morphology of pBTTT,
and find that terrace-like microstructure can be formed on simple thermally evaporated
aluminum gates. A strong improvement of the field-effect transistor characteristics is
observed when the concentration of carboxylate groups is reduced.

5.1 Mixed phosphonic-acid SAM for lithographically
patterned OFETs

Solution-processable semiconducting polymers have attracted substantial interest in
recent years due to their potential for low-cost, large-area device fabrication. Perfor-
mance has constantly been improved, with field-effect mobilities reaching benchmark
values of ≥1 cm2V−1s−1.[32, 148–150] High-performance materials are generally com-
prised of a rigid π-conjugated polymer backbone functionalized with regularly spaced
alkyl side-chains. This molecular design promotes intra/interchain π-π stacking, while
allowing the formed crystallites to align parallel to substrates with appropriate surface
chemistry. An example for this class of material is the liquid crystalline semiconductor
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Figure 5.1: (a) Schematic representation of the organic transistors with patterned hy-
brid gate electrodes, prior to spin-coating of pBTTT. A three-dimensional
atomic force microscopy image is embedded in the scheme for a device with
Al/AlOx functionalized with PHDA:ODPA(1:1). The molecular chemical
structures are represented in (a) for ODPA, and (b) for PHDA.

polymer poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene (pBTTT) introduced
in Section 1.2.1. It shows long-range two-dimensional order,[32] as well as very high
field-effect mobilities (0.1−1 cm2V−1s−1).[151, 152] One key step towards the realization
of circuitry based on semiconducting polymers is the development of organic field-effect
transistors (OFET) operating at low supply voltages, and consequent low power con-
sumption. A very attractive route has been proposed by Klauk et al.[153], wherein they
use a hybrid gate dielectric comprised of a thin AlOx and an aliphatic phosphonic-acid
(PA) self-assembled monolayer (SAM) to provide high capacitive coupling and low
leakage currents. However, due to the very low surface energy obtained with this
functionalization, conventional polymer processing methods becomes challenging (e.g.
spin-coating).[154] To solve this issue, Ball et al.[155] have proposed the use of car-
boxylate terminated PA-SAMs (16-phosphonohexadecanoic acid, PHDA, Fig. 5.1) to
increase the surface energy and thus to allow solution processing. However, this has in
turn increased the leakage current through Al/AlOx gate dielectrics.

In this Chapter we show that by functionalizing patterned aluminum gate electrodes
with a mixed-type self-assembled monolayer combination – PHDA and octadecylphos-
phonic acid (ODPA) –, one can simultaneously have increased surface energy while
recovering the insulating performance obtained with highly hydrophobic ODPA-based
gate dielectrics. The power of this mixed-SAM approach is demonstrated by fabricat-
ing solution-processed OFETs with patterned hybrid gate electrodes by standard litho-
graphic methods. The transistors were tested with pBTTT, whose morphology and
electronic properties critically depend on interface chemistry[156] and roughness[157].
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5.2 Device Fabrication

Therefore, pBTTT is an ideal candidate to test the quality of the hybrid gate dielectrics.

We present the electronic transport properties of transistors with Al/AlOx gate elec-
trodes functionalized with three different SAM types: (1) PHDA-only, (2) mixed
PHDA:OPDA, and (3) mixed PHDA:OPDA with ODPA-only channel. Devices pre-
pared with mixed SAMs show steeper subthreshold swing and over two orders of mag-
nitude lower leakage currents, as compared to the PHDA-only case, whereas full hole
mobility is obtained only for the devices with an ODPA-channel. We also studied the
impact of the underlying SAMs on the semiconductor morphology by atomic force
microscopy (AFM). For ODPA-only monolayers, we observed well-ordered pBTTT
terrace-like domains, after annealing above the mesophase transition temperature. This
is an interesting result since terraces can only form on very smooth surfaces, while ther-
mally evaporated aluminum (Al) films are generally very rough.

5.2 Device Fabrication

Figure 5.1(a) and Figure 5.2 show an exemplary atomic force microscopy (AFM) and
an optical image of the transistors studied here, respectively. The devices were fabri-
cated with a two-step electron-beam lithography process to define the gate (G), source
(S), drain (D), and guard electrodes. Degenerately As-doped silicon wafers with 150nm
thermally grown SiO2 insulator were used as substrates. The gate electrodes were pat-
terned in the first lithographic step using an PMGI/PMMA double-layer resist com-
bination, and with high deposition rates of Aluminum (∼100Å/s). Further details on
the lithographic and deposition steps have been given in Chapter 3, Sections 3.2 and
3.3, respectively. The resulting Al patterns (20±3nm thick) were subjected to an oxy-
gen plasma treatment (Parallel Plate Oxford Plasma System 80Plus, 220mW, 20min,
20sccm, 5mbar, 13.56MHz) to produce aluminum oxide (AlOx) of defined thickness, to
enhance its quality[158], and create a high concentration of hydroxyl groups at the sur-
face upon exposure to air.1 The samples are then immersed in 1mM solutions of ODPA,
PHDA, or a mixture of both in 2-propanol. Substrates are taken from solution after
1h, rinsed with 2-propanol, and baked at 65◦C for 10min in a hot-plate. Low power
ultrasonication with 2-propanol removed physisorbed molecules, before the assembly
was continued in fresh ODPA solution (healing phase). The surface energy resulting
from the assembly of PHDA:ODPA (1:1, for 1h) healed with ODPA has been sufficient
to allow spin-coating of PMMA (dissolved in Anisole) absent of the usual dewetting

1Samples for leakage current measurement and contact angle measurement (Figure 5.3) were treated
with a low-energy Diener Pico System, 100W, 20min, 20sccm, 2mbar
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Figure 5.2: Optical microscopy image of a typical transistor. Source (Au), drain
(Au), guard (Au), and gate (Al/AlOx/PA-SAM) electrodes are clearly vis-
ible in the image. Channel length (L) is 1µm, whereas the width (W) is
100µm. pBTTT thin films are spin-coated onto these structures in order to
complete the fabrication process.

problems.

Source, drain and guard electrodes are patterned in a second lithography step with
a double-layer PMMA resist combination (as of Figure 3.2). We deposited 0.3nm of
titanium (Ti) as adhesion layer by electron-beam evaporation[159, 160], followed by the
thermal evaporation of 35nm of gold (Au). The lift-off was performed in warm acetone,
and rinsed with warm 2-propanol. This carefully optimized process results in hybrid
gate dielectrics with routine root-mean-square roughness Rq∼= 0.3nm, as indicated in
Fig. 5.1(a). The devices were transferred into a N2-filled glove-box (<0.1ppm O2 and
< 0.1ppm H2O), and thin pBTTT films were cast via spin-coating from warm 1,2-
dichlorobenzene (DCB, 0.5%w/w). The resulting pBTTT films have thicknesses of ca.
25nm, as measured by stylus profilometry. All transistors had a fixed channel width
(W) of 100µm, and the channel length (L) varied from 40µm down to 0.5µm. A guard
electrode was positioned next to the source and drain contacts in order to eliminate
fringe currents in the unpatterned semiconducting layer, thus preventing overestimation
of mobility and reducing the gate current (Igs). This was done in order to simulate the
operation of the transistor as if the pBTTT layer was patterned[161] on top of the gate
dielectric. All measurements were performed in vacuum (<2× 10−4mbar) after a short
exposure to ambient air (<30s).
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5.3 Influence of self-assembled monolayer dielectrics on
pBTTT morphology

To evaluate the characteristics of the phosphonic-acid SAM (PA-SAM) type and pro-
cess method we performed static contact angle (SCA, 1µL H2O, 60% air humidity)
measurements and two-terminal current-voltage (I-V) measurements. Current den-
sities were analysed with Al/AlOx/PA-SAM/Au stacks with varied junction areas
(1.2−2.5×10−4cm2). In Figure 5.3(a) the SCA is plotted for a range of ODPA:PHDA
molar fractions, with total concentration kept at 1mM. The black curve displays the
SCA of samples immersed in PA-SAM solution overnight, which indicates that the
surface energy is enhanced when the PHDA fraction is increased. SCA values ob-
tained for PHDA-only surfaces are in agreement with values obtained previously in the
literature[155]. Curiously, we found that by re-immersing fully assembled and stabi-
lized monolayers into a solution of pure ODPA, SCA values significantly increased for
PHDA-containing monolayers (red data points). We attribute the loose bonding to sur-
face coordination with the carboxylate terminus, in agreement with recent studies[162],
which show that molecules with phosphonic acid groups can replace carboxylate-bound
molecules on AlOx surfaces.

0 2 0 4 0 6 0 8 0 1 0 0
5 0

6 0

7 0

8 0

9 0

1 0 0

1 1 0

 

 

St
ati

c C
on

tac
t A

ng
le 

(θ)

1 6 - p h o s p h o n o h e x a d e c a n o i c  a c i d  f r a c t i o n  ( % )

 O D P A  H e a l i n g  a f t e r  1 h
 O D P A  H e a l i n g  a f t e r  1 5 h
 P r i s t i n e

- 2 . 0 - 1 . 5 - 1 . 0 - 0 . 5 0 . 0 0 . 5 1 . 0 1 . 5 2 . 01 0 - 1 0

1 0 - 8

1 0 - 6

1 0 - 4

1 0 - 2

1 0 0

Cu
rre

nt 
De

ns
ity

 (A
/cm

2 )

V o l t a g e  ( V )

O D P A - h e a l e d  P H D A
O D P A

P H D A
A l O x

Figure 5.3: The healing effect of ODPA on mixed-type SAMs. (top) The water static
contact angles (SCA) for various fractions of PHDA:ODPA. Black squared
symbols represents the SCA for a one-step assembly. The red triangle sym-
bols for fully assembled substrates (>15h) healed with ODPA. Blue cir-
cles symbols for substrates with incomplete assembly (∼1h) healed with
ODPA. (bottom) Current densities for Al/AlOx/PA-SAM/Au junctions and
an Al/AlOx/Au reference junction (black curve).

The outstanding robustness achieved with phosphonic acid-bound SAMs with Al gates[163]
can be partially attributed to the bonding strength of the phosphonate groups to AlOx
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surfaces. In turn, monolayers containing weakly (carboxylate-) bound PHDA molecules
are expected to have poorer insulating performance than the purely phosphonate-bound
ones. In Figure 5.3(b) we show the current densities recorded for a reference AlOx junc-
tion (black), PHDA-only (red), PHDA:ODPA(1:1) healed with ODPA (grey), and a
junction based on pure ODPA (blue). The increase in current density for PHDA mono-
layers in comparison to ODPA monolayers is of the same order of magnitude (∼102)
of values reported in the literature[155]. By contrast, for the mixed SAM we observe a
remarkable enhancement in insulation, which is imparted by the ODPA healing step.
Leakage currents reduces by nearly two orders of magnitude, approaching the quality
obtained with ODPA-only monolayers. More importantly, lithographic patterned elec-
trodes can be defined since the surface energy is sufficiently high for resist spin-coating.
However, we noticed that for healed mixed-type SAMs with molar fractions lower than
(1:1) PMMA dewetting would occur upon spin-coating. Therefore, for all lithograph-
ically patterned transistors of mixed-type SAM we used exclusively PHDA:ODPA at
(1:1) proportion.

5.3.1 pBTTT thin films on patterned Al/AlOx/PA-SAM gate
electrodes

Morphological studies of pBTTT thin-film have been extensively reported in the lit-
erature for various types of substrate surfaces.[164, 165] However, to our knowledge,
no study has been reported on pBTTT morphology formation on patterned gate di-
electrics based on Al/AlOx/PA-SAM. The formation pBTTT molecular terraces has
been shown to be disrupted on rough surfaces (Rq<0.5nm[157]) and/or for surfaces
with high surface energy. Although low surface energy is easily attainable with ap-
propriate surface functionalization, obtaining Al surfaces roughness with Rq<0.5nm
generally poses challenges. However, we found that by controlling evaporation rates
of Al to around 80−120 Ås−1, Rq<0.35nm can be routinely obtained (see Section 3.3
for details). At these surface roughness levels, pBTTT films on ODPA-terminated
gate dielectric show clear terrace-like domains upon annealing above the mesophase
transition temperature (∼145◦C, Ref. [166]). Atomic Force Microscopy (AFM) im-
ages taken in the transistor channels functionalized with ODPA post-lithographically
are shown in Fig. 5.4(a,b,c). Terraced domains of pBTTT (step height 2.1nm) can be
easily distinguished for lower roughness channels (Rq<0.31nm, Fig. 5.4(a,b)), while for
rougher Al/AlOx/ODPA gates (Rq∼0.65nm, Fig. 5.4(c)) the terraced domains are no
longer observed. This is in agreement with a similar study made with SiO2/OTS based
dielectrics[157].
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Figure 5.4: AFM images of annealed pBTTT on Al/AlOx gates functionalized with
ODPA or PHDA:ODPA (1:1, healed with ODPA). The impact of the an-
nealing temperature on smooth ODPA-only channels (Rq<0.31nm) is eval-
uated for (a) T = 165◦C, and (b) T = 180◦C. In (c), an image of a rougher
ODPA-only channel (Rq∼0.65nm) annealed at T = 180◦C. In (d), an im-
age of pBTTT on smooth channel (Rq< 0.31nm) with mixed-type SAM
annealed at T = 180◦C.

Devices annealed at 180◦C displayed noticeably better defined terraces as compared
to devices annealed at 165◦C. Annealing at 165◦C for a longer period (30min) did
not improve the definition of the terraces, as seen in Figure 5.5. An AFM image of
pBTTT coated on ODPA-healed PHDA:OPDA(1:1) surface is shown in Fig. 5.4(d).
Molecular terracing has not been observed, even though the device channel possessed
low surface roughness. This finding emphasizes the importance of the chemical nature
of the dielectric surface. It has been previously reported that sharp and small pBTTT
terraces can form on clean SiO2 surface upon annealing[156]. Surface energies observed
for UV cleaned SiO2 is usually significantly higher (ΘSCA<10◦) than what we obtain
with ODPA-healed PHDA:OPDA(1:1) (ΘSCA = 92− 94◦). However, the presence of
sparse −COOH functional groups connected to a relatively flexible alkyl chain (C15)
has proven effective in hindering reorganization of pBTTT crystallites upon annealing.
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Figure 5.5: Effect of extended annealing time on pBTTT thin-film on a
Al(20nm)/AlOx(4nm)/ODPA gate electrode. This image represents the
annealed (10min at 165◦C) sample of Figure 5.4(a) further annealed at the
same temperature for 20min. The surface roughness over the pBTTT ter-
races decreases only slightly with the extra annealing time.

It thus seems clear that the morphological characteristics of pBTTT on mixed PA-
SAMs cannot be explained only in terms of surface energy. We therefore propose that
the side chains (C16) of pBTTT intercalate with the underlying mixed-type PA-SAM
in the annealing process. Interdigitation of alkyl side chains of polythiophene-based
based semiconductors (e.g. poly(3-hexylthiophene-2,5-diyl)) with the alkyl chains of
monolayers is known to occur.[167] In this scenario, carboxylate end groups can readily
interact with the polymer backbone. In contrast, less reactive and rigid SiO2 surface
cannot interact easily with the pBTTT backbone, given that its C16 side chains protect
the semiconducting core.

5.3.2 pBTTT thin films on ultrasmooth atomic layer deposited
AlOx functionalized with mixed PA-SAM

In order to confirm the effect of the PA-SAM on the pBTTT morphology described in
the previous section, we have prepared samples for several PHDA:ODPA fractions (as
of Fig. 5.3(left)) on ultra-smooth atomic layer deposited (ALD) AlOx substrates. This
allows the exclusion of the disturbance of roughness on the morphology, and further
verify the effect of sparse -COOH endgroups. For these samples, ODPA healing step was
performed in order to remove loosely bound PHDA molecules that could compromise
pBTTT crystallization.

Figure 5.6 displays the AFM images for five different PHDA concentrations. Sample
processing and characterization was done in parallel with the samples used for SCA
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Figure 5.6: AFM images of spin-coated and annealed (180◦C, 10min) pBTTT thin-films
on ultrasmooth ODPA-healed PA-SAM/ALD-AlOx (Rq<0.17−0.22nm). As
indicated, the SAM‘s PHDA:ODPA molar fraction was varied from (0:1,
pure ODPA) to (1:0, pure PHDA). Molecular terracing is observed for the
sample with the lowest fraction of PHDA (1:9), and pure ODPA (0:1).

and J-V analysis of Fig. 5.3(a). The r.m.s. surface roughness of the samples after
PA-SAM assembly was around 0.17-0.2nm, as measured by AFM (not shown), ruling
out therefore roughness disturbances. As it is observed, dewetting is reduced as PHDA
concentration is increased and, concurrently, molecular terracing is disrupted. All im-
ages were carefully taken with the same AFM tip. The tip condition was checked before
and after each image with the well crystallized PHDA:ODPA(0:1) as reference sample.

We observe pBTTT reorganization/crystallization only for PA-SAM prepared with ini-
tial PHDA molar concentration <10%. The real concentration after the ODPA healing
step was not quantified. It is interesting to observe that even for samples with water
contact angle 100◦(ODPA-healed PHDA:ODPA 1:4), the pBTTT does not crystallize
with thermal annealing but still show some degree of dewetting. This indicates that
dewetting occur mostly in the spin-coating process, and is not directly induced by the
thermal annealing. The images also independently confirm the dramatic sensitivity of
the pBTTT crystallization to sparse -COOH endgroups.
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5.4 Low-Voltage pBTTT field-effect transistors based
on mixed-type PA-SAM

Figure 5.7 displays the transfer and output characteristics of pBTTT low-voltage tran-
sistors with three types of gate dielectrics. Two devices (Fig. 5.7(a,b)) were fabricated
with mixed- SAM PHDA:ODPA(1:1) healed with ODPA. The third device (Fig. 5.7(c))
was fabricated with the gate dielectric functionalized with pure PHDA (1:0). One of the
mixed-SAM devices was further processed, and had its channel monolayer replaced by
pure ODPA (0:1) (Fig. 5.7(a)). The leakage currents, on-off current ratios IONDS /IOFFDS ,
and subthreshold swing are significantly improved for devices prepared with the mixed-
type SAM, as compared to PHDA-only devices. Leakage currents decreased by a factor
of ∼10 (evaluated at VDS =−2.5 V and VG =−3V), whereas IOFFDS decreased by two or-
ders for the mixed-type SAM. The off-current increase for PHDA-based OFETs is in
contrast to the results reported in Novak et al.;[168] however, these data have been
obtained with the comparatively small molecule α-β-dihexylquaterthiophene (DH4T),
and importantly, without thermal annealing. Hence side chain interdigitation with the
underlying PA-SAM cannot be expected.

We partially attribute the observed off-current increase to doping of the first pBTTT
layer by the PHDA endgroups. Leakage current and IOFFDS of OFETs with patterned
bottom-gate with overlapping bottom-contact geometry (BGBC) are highly sensitive
to the thickness and quality of the gate dielectric. Particularly, the IOFFDS of transistors
with very thin hybrid dielectrics can also include spurious contributions from S/D
current leaking through the gate electrode. We argue that the off-current degradation
observed for the PHDA-only pBTTT transistors has a two-fold origin – the doping
effect of the carboxylate-terminated SAM, and the increased contribution from spurious
gate currents. In contrast, ODPA-healed PHDA:ODPA(1:1) SAM has a much smaller
density of carboxylate groups, and provides excellent insulation from S/D and gate
electrodes. The mixed-SAM approach can thus reduce IOFFDS , and consequently increase
the IONDS /IOFFDS ratio of lithographically defined pBTTT OFETs.

The subthreshold swing Ss−th becomes sharper with decreasing PHDA content – Ss−th = 213mV/dec
(for PHDA-only 1:0), Ss−th = 106mV/dec (for mixed ODPA-healed PHDA:ODPA(1:1)),
and Ss−th = 119mV/dec (for ODPA-only 0:1 channels). This is followed by a variation of
the subthreshhold voltage – Vth =−1.5V (for PHDA-only 1:0), Vth =−1.4V (for mixed
ODPA-healed PHDA:ODPA(1:1)), and Vth =−1V (for ODPA-only 0:1 channels). As
shown in Figure 5.8, the capacitance per unit area (Ci) values were found to vary for the
different types of SAM used: 0.78µF/cm2 for ODPA-only, 0.8µF/cm2 for ODPA-healed
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Figure 5.7: Electrical properties of lithographically patterned pBTTT transistors.
The transfer and output characteristics are depicted for transistors with
W/L= 100µm/1 µm, measured at room temperature and high vacuum. In
(a,d) a transistor patterned with PHDA:OPDA(1:1, healed with ODPA)
with ODPA-only channel. In (b,e), the transfer and output curves for a
PHDA:OPDA(1:1, healed with ODPA) channel. In (c,f), transfer and out-
put curves for a transistor fabricated with PHDA-only monolayer.
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Figure 5.8: Capacitances of AlOx and the PA-SAM/AlOx dielectrics. The
measurements were recorded with a Keithley 4200-SCS parameter anal-
yser, for a range of junction areas (1.2−2.5×10−4cm2), and Au top electrodes
deposited through shadow mask. The AlOx had a thickness of ∼4nm (mea-
sured by X-Ray Reflectivity), resulting in a calculated relative permitivity
of εr ≈ 9. The increased areal capacitance of the PHDA-only layer can be
attributed to a higher defect density of the SAM. The measurement was
done with bias 3V(∼30mV) up to 1 MHz.

PHDA:ODPA(1:1), and 0.99µF/cm2 for PHDA-only (1:0) transistors. Field-effect mo-
bilities were calculated with their respective capacitance values in the saturation regime
(VDS =−2.5V), with Eq.2.11 (Chapter 2). Devices with ODPA-only (0:1) channel had
the best performances, with hole mobilities approaching ∼ 0.1cm2V−1s−1 for long-
channel transistors. On the other hand, PHDA-containing devices exhibit lower field-
effect mobilities, irrespective of the carboxylate concentration in the interface. It is
interesting to observe that although the reduction of the PHDA fraction improves the
overall performance (e.g. on-off current ratios and subthreshold swing), the field-effect
mobilities do not improve significantly. We attribute this to the strong disorder in the
pBTTT morphology induced by PHDA, as observed by AFM (Figure 5.4). Therefore,
the formation of long-range order pathways for charge carrier transport is hindered
since pBTTT crystallites are pinned at the interface.

For PHDA-containing devices, the channel resistance (RCh) dominates the device re-
sponse, whereas for devices with ODPA-only channel the contact resistance (RC) is
prevalent. This is seen in Figure 5.7 as a strong reduction of carrier mobility with
channel scaling for ODPA-only channel, whereas for PHDA-containing long-channels
(≥2.5µm) the mobility is nearly constant. Noticeably, for PHDA-containing devices
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Figure 5.9: Extrinsic charge carrier mobility calculated in the saturation regime (µsat,
Vds=−2.5V ) after annealing at 165◦C. Mobility values are shown for devices
of Fig. 5.7 with fixed channel width (W = 100 µm) and varying the channel
length from 40µm to 0.5µm.

the mobilities tended to increase with the reduction of channel length (≤2.5µm). A
similar effect has been previously reported by Hamadani et al.[151] and was attributed
to a Poole-Frenkel-like (µ ∝ exp

[√−→
E
]
) behavior of pBTTT, in which the field-effect

mobility depends on the lateral electric strength induced by S/D electrodes. This can
be observed in annealed pBTTT transistors with low contact resistance, by using plat-
inum S/D electrodes.[169] In contrast, in our PHDA-containing devices RCh≥RC and,
as a result, channel effects are much more apparent, even with transistors with rela-
tively high RC (Au/pBTTT). Thus, the mobility increase can be interpreted within
the framework of the Poole-Frenkel formalism as field-induced lowering of the energy
barrier for carrier hopping in disordered, trap-limited pBTTT.

5.5 Conclusions

In summary, we have shown a simple two-step assembly process for mixed phosphonic
acid (PA) monolayers to obtain high surface energy, while preserving good insulating
properties. Our results strongly suggests that the anchoring of PHDA molecules on
AlOx surfaces is not given exclusively via de PA terminal groups, which explain its in-
ferior insulating performance. We combined our method with standard lithography, and
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fabricated low operation voltage OFETs based on the high performance semicrystalline
semiconducting polymer pBTTT. Additionally, we provide a comprehensive study of
the morphology of pBTTT on patterned molecular gate electrodes. In particular, we
demonstrate that by careful control of the AlOx surface roughness and PA-SAM surface
modification, molecular terracing can be observed on pBTTT. The OFET performance
was evaluated for three types of channel surface chemistries. The overall performance
improves for mixed SAMs, whereas full mobilities were observed for ODPA-only de-
vices. The proposed method may prove valuable also for the growth of semiconducting
oxides via atomic layer deposition, and indeed for all other chemical methods that rely
on the presence of functional groups on gate electrode surfaces.
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6 pBTTT nanotransistors with
patterned molecular gate dielectrics

In this Chapter, nanoscale organic field effect transistors based on a poly(2,5-bis(3-
alkylthiophen-2-yl)thieno[3,2-b]thiophene (pBTTT) are demonstrated with patterned metal
gate electrodes and ultrathin gate dielectrics based on self-assembled monolayers. Ow-
ing to the high capacitance of this hybrid dielectric, we were able to operate pBTTT
transistors at very low input voltages (<3V), together with very low leakage currents
(<5pA) and high on/off ratios (∼103). Additionally, we demonstrate that by optimiz-
ing the atomic force microscopy imaging process of pBTTT films, one can reveal the
morphology of the nanoscale crystallites. We find a twofold increase of the pBTTT
crystallite diameter compared to previous literature values.

6.1 Introduction

Semicrystalline semiconducting polymers are subject of intense research in recent years.
As already introduced in Chapter 5, one important example of this class of materials is
poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene (pBTTT). This organic semi-
conductor has demonstrated excellent performance, achieving benchmark mobilities in
excess of ∼1cm2V−1s−1 [151]. The high hole mobility observed is explained in terms
of the large degree of crystallinity of pBTTT, and the preferential orientation of the
polymer backbone parallel to gate dielectrics with low surface energy.[32] Atomic force
microscopy (AFM) studies of pBTTT showed that upon annealing and careful con-
trol of surface chemistry and roughness, micrometer-sized terraced domains can be
formed.[156] Later, it has been shown that these large terraces are not composed of
single crystalline lamella, but consist of smaller subunits on the order of ∼10nm. In
light of that, the charge transport in pBTTT was understood to result from multiple
length scales – fast charge displacement within the small crystallites, and slower for
larger lengths. Indeed, by inputing this structural information in Mobility Edge calcu-
lations, Wang et al.[170] estimate charge carrier mobilities as high as ∼20cm2V−1s−1
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within these nm-sized, high-quality crystallites. Therefore, the charge transport in
extended pBTTT films can be thought to be limited by energetic and morphological
disorder at the boundaries between adjacent crystallites[171], which largely limit the
observed carrier mobility.

In this chapter we demonstrate that by a simple optimization of atomic force mi-
croscopy imaging process, one can directly observe the pBTTT crystallites. In contrast
to previous transmission electron microscopy (TEM) study[170], we obtain a larger
average grain diameter (∼23nm). We argue that this discrepancy originates from the
potential underestimation of grain size obtained by TEM, since a transmission im-
age is comprised of a superposition of grain boundaries of several pBTTT lamellas.
This finding is interesting since device fabrication at this length scale can be easily
achieved via standard electron beam lithography. In fact, one can envision sub-30nm
junctions in which a few pBTTT crystallites are positioned in the transistors chan-
nel, and potentially exploit its full carrier mobility. However, highly scaled channel
lengths in OFETs results in several short-channel effects[172] that drastically degrades
device performance. Among them, one important requirement for channel length scal-
ing in OFETs is the concomitant reduction of the gate dielectric thickness. Here we
present pBTTT organic field effect transistors OFETs at sub-100nm length scales with
patterned, ultra-thin molecular-based gate dielectrics (∼5nm). This reduced thickness
enhances the capacitive coupling between the gate and the organic semiconductor, thus
improving Ids modulation and allowing operation at much lower voltages. In our de-
vices, we employ side guarding electrodes to probe exclusively the pBTTT response at
the nanoscale gaps. We present devices with channel lengths comparable to the pBTTT
crystallite dimensions (20-30nm). At this scale, highly mobile charge carriers can flow
along the π-stacking and the π-conjugated backbone directions, without being relayed
through amorphous grain boundary regions. Nanotransistors based on pBTTT have
been previously reported in the literature for unpatterned back-gates with thick SiO2

dielectrics[173]. However, in this report no attempt has been made to hinder fringe
currents – therefore, masking the true electrical response of pBTTT crystallites.[174]

6.2 Sample Preparation

Two transistors types were developed for this study – one with thick SiO2 dielectric
functionalized with octadecyltrichlorosilane (OTS), and the other with AlOx function-
alized with mixed-type phosphonic acid self-assembled monolayers (PA-SAM). For the
transistors based on SiO2, the underlying doped Si was used as global gate, whereas
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for transistors with patterned gate electrodes the Si/SiO2 served only as substrate.
Both transistors were fabricated using bottom-gate, bottom-contact geometry (BGBC).
Source (S), drain (D), guard, and Al gate electrodes (∼20nm thick) were defined with
the PMGI/PMMA double layer resist and electron beam lithography, as described
in Section 3.2. Aluminum electrodes were deposited via thermal evaporation with
high evaporation rates (∼20nm.s−1) in order to reduce surface roughness, as described
in Chapter 3, Section 3.3. At these rates, we obtained smooth surfaces with root-
mean-square roughness Rq≈0.6nm. Surface roughness measurements were performed
by AFM over areas of 2x2µm2.

The gate dielectrics of the pattern electrodes consisted of AlOx functionalized with
mixed-type phosphonic acid self assembled monolayers, as introduced in Chapter 5.
Aluminum structures were treated in a low-energy O2 plasma system to increase the
AlOx thickness and enhance the density of hydroxyl groups. The substrates were then
immersed for 1h into a 2-propanol solution of octadecylphosphonic acid mixed with 16-
phosphonohexadecanoic acid (PHDA:ODPA (1:1), 1mM). Samples were removed from
solution, rinsed, dried in a stream of N2, and shortly baked at 65◦C. Afterwards, the
substrates were re-immersed into an ODPA solution for 15h to heal the SAMs defects.
The assembly is terminated, and a highly insulating SAM is formed with sufficient
surface energy for subsequent solution processing.1 S/D and guard electrodes consisted
of electron-beam deposited titanium (Ti, 0.3nm thick), and thermally-evaporated gold
(Au, 35nm thick) multilayer. The finished devices were treated in oxygen plasma to
remove the PHDA:ODPA SAM, and pure ODPA monolayer was assembled to obtain
low surface energy at the transistors channel. Devices were then transferred to a N2

glove-box (<0.1ppm O2 and <0.1ppm H2O), and pBTTT was spin-coated from a 1,2-
dichlorobenzene solution (0.25%wt. at 65◦C). Excess solvent was removed at 120◦C for
5min, followed by thermal annealing at 180◦C to induce crystallization of pBTTT.

6.3 pBTTT nanotransistors with SiO2-OTS dielectrics

In Figure 6.1 we evaluate interaction of the pBTTT thin-films deposited on SiO2-OTS
gate dielectric with the Ti/Au nanoelectrodes. The atomic force microscopy image
(Figure 6.1(a)) depicts the device junction (W=100, L=65nm), and the guard elec-
trodes. Note that the morphological characterization was only performed after the
device was fully characterized, since air exposure can degrade and disturb the electrical
measurements. The well-known pBTTT molecular terraces are observed for this an-

1For further details on this mixed SAM assembly please refer to Ref. [175] or Section 5.2.
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Figure 6.1: (a) Three-dimensional atomic force microscopy (AFM) topography image
of pBTTT nanotransistor with Si back-gate, and SiO2-OTS gate dielectrics.
(b) Transfer curves for the transistor with (blue) and without (red) guard
electrode bias.

nealed device, with no observable morphological disruption induced by the electrodes.
This result is in contrast to the observations of Noh et al.[176], wherein they report
the degradation of pBTTT domain order caused by bare Au electrodes upon annealing
at 170◦C. For our experiments we used a pBTTT with long alkyl side chains (C16)
annealed at 180◦C. We believe that the higher temperature employed in our anneal-
ing process may facilitate the reorganization of pBTTT. Another interesting observa-
tion made with these nanojunctions was that all devices with smaller channel lengths
(L=20nm or 25nm) showed negligible S/D currents, nor field-effect modulation. We
speculate that due to the strong tendency to form molecular terraces, pBTTT crys-
tallites may be expelled from confined channel areas during annealing. This indicates
existence of a minimal channel length for which spin-coated pBTTT OFETs can be
fabricated, which is evidenced by the fact that working devices were only obtained for
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channel lengths L≥30nm.

The Guard Electrode Effect

The transfer characteristics of the device are represented in Figure 6.1(b). Non-guarded
transistors (red) showed large off-currents (∼100pA), on-off current ratio of ∼103, and
high saturation mobilities (0.14cm2V−1s−1). The calculated mobility is comparable to
values reported previously in the literature for long-channel pBTTT transistors.[161]
However, when the same junction is measured using the guard electrodes the IDS is
drastically reduced due to fringe current suppression (blue curve, Figure 6.1). As
a result, the extrinsic field-effect mobility is reduced to µ =0.003cm2V−1s−1. This
result is more realistic since highly scaled OFETs suffers from short-channel effects
that strongly degrades device performance.[172]

6.3.1 pBTTT nanocrystallites size distribution

The morphology of high-performance semicrystalline semiconducting polymers is thought
to be composed of aggregates of highly ordered π-stacked lamellas, co-existing with dis-
ordered amorphous regions[177]. High degree of delocalization is expected within its
crystallites, whereas long-range carrier transport is achieved with π-conjugated polymer
chains interconnecting ordered regions through the amorphous ones. Therefore, the ef-
ficiency to which charge carriers are bridged from/to regions of high delocalization can
limit semiconductors performance. Indeed, it has been recently found that polymers
with high rigidity backbone can efficiently induce the formation of a network of path-
ways for charge transport, even with an apparent low crystallinity.[150] For pBTTT,
this morphology has been previously observed by TEM, wherein the crystallite average
diameter was estimated to be ≈10nm.[170]

Here we employ a very sharp silicon AFM tip (apex radius better than 2nm, Nanosen-
sors SSS-NCH) to directly observe pBTTT aggregates on annealed thin films, as seen in
Figure 6.2(a). The AFM imaging process was performed in tapping-mode with slightly
high set-point, in order to improve grain boundaries details. The resulting image was
segmented with standard watershed algorithm2, and the distribution of equivalent di-
ameters is plotted in Figure 6.2(b). In contrast to the previous TEM study, we obtained
a larger average diameter of Deq≈23nm. For this comparison we use a polymer of similar
molecular weight (chain extended length of 65-68nm), and a similar thermal annealing

2The analysis was performed using GWYDDION, an open-source software for scanning probe mi-
croscopy data analysis.[178]
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Figure 6.2: pBTTT morphological analysis. (a) Atomic force microscopy topography
image of pBTTT on SiO2-OTS, annealed at 185◦C. Color scale is adjusted
to one terrace level to facilitate observation of the crystallites. (b) The
same image was segmented with watershed algorithm – the resulting binary
image of grain boundaries is shown in the inset. The histogram displays
the distribution of pBTTT grain diameters.

procedure as used in Ref.[170]. We believe that using TEM to evaluate the pBTTT
crystallite inherently underestimates the measured sizes. TEM image is a result of the
superposition of a few levels of pBTTT terraces, which is composed of several crystal-
lites. Since the distribution of crystallite boundary is stochastic, no boundary vertical
alignment from neighboring terraces is expected, complicating size distribution esti-
mation. In our AFM analysis only the grains at the surface are evaluated, resulting
therefore in a accurate distribution of grain sizes of the pBTTT thin film. It is inter-
esting to note that we have only been able to detect these grains with the sharp AFM
tip, whereas conventional AFM tips did not reveal any grain boundary (several images
can be seen in Sections 5.3.1 and 5.3.2 for comparison).
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6.4 pBTTT FET with patterned gate electrodes

Devices with global back-gating and thick SiO2 dielectrics operate at high supply volt-
ages and cannot be scaled into large-area organic circuits. Patterned metal gate elec-
trodes allows addressing individual transistor junctions at very low voltages, with po-
tential for applications in the manufacture of integrated organic circuitry. An exemplary
transistor based on patterned Al gate electrodes is shown in Figure 6.3(a). The contact
geometry was similar to the devices fabricated with global silicon back-gate. Any fringe
current emanating from source electrode is effectively blocked by the guard electrodes.
Therefore, the measured electrical response is truly from the pBTTT crystallites con-
fined to WxL=120x30nm2 channel area. Transfer and output characteristics of the
transistor are shown in Figure 6.3(b,c). Owing to the large areal capacitance of the
molecular gate dielectric (0.75µFcm2), the transistor is operated at relatively small volt-
ages (VDS≤-2.5V, VG≤-3V). The on-off current ratio (∼7x102) has decreased slightly
as compared to devices with thick SiO2 dielectric. The degradation in current mod-
ulation is caused by an increase of drain off-current for devices with AlOx/PA-SAMs
dielectrics. The off-current increase can be also attributed to the increased electric field
strength in these junctions, since channel length is reduced by two times (L=30nm).
On the other hand, the AlOx dielectric for these devices were produced with low-energy
O2 plasma, which is known to form lower quality oxides.[179] Therefore, current leak-
age from source to drain electrode through the AlOx/PA-SAM may also negatively
impact the off-state currents. Non-linearities at low drain-source voltages are observed
in the output curves. This indicates that device response is strongly influenced by
contact resistance at the Au/pBTTT interface. Indeed, when contact resistance is
estimated using transmission line method with long-channel devices (not shown), we
obtain RC=10-20kΩcm. However, these values are unrealistic since it would result in
device series resistances that are significantly higher than what is measured in device
shown in Figure 6.3. We argue that this discrepancy may be caused by the energy
barrier lowering at the Au/pBTTT interface induced by source-drain electric fields.
Unfortunately, the uncertainty in contact resistance estimation precludes any attempt
of reliably extracting the intrinsic carrier mobility of pBTTT crystallites.

We obtain an extrinsic field effect mobility of µ =0.0045cm2V−1s−1 in the saturation
regime, which is of comparable magnitude with devices produced with silicon back-gate.
Despite the low mobilities extracted on the nanoscale transistors, one can speculate that
the intrinsic pBTTT mobility may be substantially higher since channel resistance is
only a very small fraction of total device resistance. Improvements in performance
should be achieved by employing top contact electrodes.[180, 181] However, fabrication

89



6 pBTTT nanotransistors with patterned molecular gate dielectrics

D

S

Guard

Guard

Al/AlOx/ODPA
Gate Electrode

-2.5 -2.0 -1.5 -1.0 -0.5 0.0
-4

-3

-2

-1

0

-3 -2 -1 0
10-13

10-12

10-11

10-10

10-9

10-8 (c)

I s
d

(|
A

|)

Gate Voltage (V)

V
DS

=-2.5V
(b)

10-13

10-12

10-11

10-10

10-9

10-8

G
ate leakag

e
(|A

|)

-1V

-1.5V
-2V

-2.5V

I s
d

(n
A

)

Vds (V)

W/L=100nm/30nm

VG=-3V

(a)

Figure 6.3: (a) Atomic Force Microscopy (AFM) image of the pBTTT nanotransistors
with hybrid gate dielectrics. Source (S), drain (D), and guard electrodes
meet at the Al/AlOx/ODPA gate electrode to form a 45nm junction. Trans-
fer (b), and output (c) characteristics of the pBTTT low-voltage (VDS≤-
2.5V, VG≤-3V) nanoscale transistor with L≈30nm and W≈120nm.

of polymer-based transistors with sub-50nm channel length using top-contact config-
uration is very challenging due to incompatibility with solvents used in lithography.
Nevertheless, the use of bottom electrodes with devices operating at low voltages may
find interest in other research areas, such as organic spintronics[110]. Spin injection
in organic semiconductors is known to take place only at low voltage biases (<1V), in
devices with intentionally high contact resistances (tunneling barriers). Due to the high
capacitive coupling obtained with AlOx/PA-SAM dielectrics, this operation condition
can be easily achievable.
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6.5 Conclusions

In summary, we show the manufacturing process of pBTTT field effect transistors
operating at low voltages with a patterned molecular-based gate electrodes and chan-
nel lengths scaled to the dimensions of a single crystallite of pBTTT. Moreover, we
demonstrate that by a simple optimization of the AFM imaging process, one can di-
rectly observe the pBTTT aggregate and evaluate its distribution. We found that the
grain average diameter is two times larger than previously reported values (D≈23nm).
By employing side guard electrodes and scaled channel length, we obtain the charge
transport characteristics of pBTTT at these very confined areas. In spite of the ag-
gressively scaled channel and high contact resistances, we obtain a high field effect
modulation (103) and extrinsic field effect mobilities of µ =0.0045cm2V−1s−1.

91





7 Summary and Outlook

Polythiophene-based organic electronic devices with nanoscale lateral dimensions have
been fabricated and analyzed. Two classes of devices were investigated, namely organic
spin-valves and field-effect transistors, with highly-conducting and liquid crystalline
organic semiconductors (OSCs), respectively. These hybrid organic-inorganic devices
draw substantial attention because of the opportunity of combining properties of each
material class, and additionally exploiting new functionalities arising from their combi-
nation. To that end, the materials and devices studied here were explored with a wide
scope.

In the first part of the thesis, important questions of organic spintronics have been
addressed. In particular, the possibility of detecting spin-polarized charge transport
OSCs in well-defined lateral spin-valves has been investigated. This elusive observation
constitutes an open question of paramount importance, since it would allow unambigu-
ous proof of long-range spin transport in OSCs. Several steps toward that goal were
shown. Firstly, the use of highly conducting, namely PEDOT:PSS, instead of pristine
semiconducting organic material for lateral spin-valve integration has been proposed
and demonstrated. Organic conductors offer the unique advantage of high bulk con-
ductivity, due to charge carriers generated through chemical doping. Since high-quality
spin-polarized electrodes can only be obtained in a bottom contact device configuration,
the availability of bulk charge carriers offers the opportunity of generating spin cur-
rents from the electrode’s top surface that can be well controlled. Laterally patterned
devices with bottom contacts prevent any source of damage to the organic film, such
as strong radiation or interaction with incompatible solvents. Moreover, it completely
eliminates the problematic issue of interfacial metal diffusion from top electrodes of
vertically stacked spin-valves.

Charge transport studies of PEDOT:PSS films with ohmic and spin-polarized tunnel
contacts at nanoscale lateral dimensions were shown. Measurements with ohmic nano-
electrodes demonstrated that the conductivity of PEDOT:PSS enhances non-linearly
with the reduction of the electrode separations at sub-micrometer scales. This previ-
ously unreported scaling effect is a characteristic feature of hopping charge transport
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in highly disordered systems, which, in this particular case, was revealed when the
device’s lateral dimensions approached the spatial extent of the carriers’ wavefunction
localization (induced by disorder).

The integration of traditional NiFe/AlOx spin-polarized tunnel electrodes with PE-
DOT:PSS was demonstrated by controlling the polymer solution acidity to a level
within the tolerances of the metal oxide tunnel barrier (pH=4). Temperature-dependent
electrical measurements of the resulting NiFe/AlOx/PEDOT:PSS/AlOx/NiFe lateral
structures allowed to confirm the integrity of the tunnel barrier. This procedure is not
limited to the NiFe/AlOx/PEDOT:PSS system, but may be extended to other conduct-
ing polymers and FM metal electrodes. Following this approach, spin transport prop-
erties of PEDOT:PSS were analysed. No measurable MR signal in our NiFe/AlOx/-
PEDOT:PSS/AlOx/NiFe lateral spin valve structures were observed, which was corre-
lated with the high resistance-area products obtained with the AlOx tunneling barriers
(10−7 to 10−4Ωm2). The agreement with theoretical predictions suggested the use of a
rather lower interfacial resistance between PEDOT:PSS and NiFe to transform spin in-
formation into significant MR electrical signals. In the following, device modelling was
used to describe the behaviour of the PEDOT:PSS spin-valves. By applying the experi-
mental data obtained with the devices, an upper limit for the spin lifetime (τsf < 50ns)
was established, which is an invaluable material input for future investigations.

Future studies may be focused on the search of alternative materials to engineer the
FM/OSC interface, delivering low tunneling energy barrier, high spin-asymmetry co-
efficient, and sufficient chemical inertness to allow the integration with conducting
polymers. The need of tailored interface resistances in organic spintronic devices was
further corroborated by a recent study, wherein spin-polarized current was injected
in PEDOT:PSS by a spin-pumping technique, which circumvents the impedance mis-
match problem.[182] Alternatively, novel device processing methods could be devised,
wherein the organic conductor is integrated with FM electrodes in a dry state, such
as thin-film transfer techniques.[183] Using this technique, other materials or formu-
lations of organic conductors could be used – for instance, polyaniline doped with or-
ganic acids that show quasi drude-like transport behaviour,[184] or PEDOT:PSS with
hot acid treatment, which shows conductivities as high as 2500 Scm−1[122]. A recent
study suggested the use of PEDOT:PSS in highly conductive state for spintronics, since
its conduction mechanism takes place almost exclusively via spinless bipolarons.[185]
However, it is not yet clear if a bipolaronic system would tend to quench the spin ac-
cumulation by recombination of spins, or if the absence of spin-1/2 polarons would be
advantageous due to a reduction of paramagnetic scattering centers. To answer these
questions, future studies should combine spin-sensitive spectroscopic techniques, such
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as electron paramagnetic resonance, with electrical transport measurements. These
efforts would also allow a better understanding of spin-spin and spin-lattice relaxation
mechanisms with its relation to spin lifetime and long range transport in OSC.

In the second part of this thesis, pBTTT OFETs with patterned gate electrodes op-
erating at voltages as low as 3V were studied. Low voltage operation was allowed by
ultrathin gate dielectrics based on aluminum oxide (AlOx) and phosphonic-acid-based
self-assembled monolayers (PA-SAMs). Firstly, the assembly of carboxylate terminated
monolayers on AlOx surfaces was addressed. These monolayers have been known to
provide weak insulation properties when compared to high-quality methyl-terminated
monolayers. A simple two-step assembly process for mixed monolayers, containing both
methyl and carboxylate termination, was presented. This modified process allowed to
obtain two orders of magnitude improvement of the leakage current through the thin
hybrid dielectric. In fact, this approach allowed to obtain leakage current levels pre-
viously observed only with high quality methyl terminated PA-SAMs, in parallel with
tunable surface energy due to the mixed nature of the SAM. The observations strongly
suggested that the anchoring of carboxylate-terminated molecules on AlOx surfaces is
not given exclusively via the PA terminal groups, which explains their inferior insulat-
ing performance. Furthermore, a comprehensive study of the morphology of pBTTT on
the mixed SAMs with various fractions of carboxylate-termination was shown. In par-
ticular, it has been demonstrated that, by carefully controlling the aluminum electrode
surface roughness and the PHDA content of the monolayers, molecular terracing can be
observed on pBTTT. The OFET electrical performance was evaluated for three types
of channel surface chemistries. Very high performance improvement has been observed
for mixed SAMs, compared with SAMs based on carboxylate-terminated molecules,
whereas full mobilities were observed only for devices with pure methyl-terminated
dielectrics.

The success obtained with mixed SAMs for OFETs motivated further investigation.
Taking advantage of the solution processability imparted by these monolayers, nanoscale
field-effect transistors with channel lengths scaled to the dimensions of a single crys-
tallite of pBTTT were studied. In order to confirm the size distribution of pBTTT
crystallites, a careful atomic force microscopy analysis was conducted. This allowed di-
rect observation of the pBTTT crystallite size distribution. We found that the average
diameter of the crystallites (D≈23nm) was two times larger than previously reported.
OFETs were fabricated with channel lengths on this length scale. In addition to source
and drain electrodes, guard electrodes to hinder fringe currents were laid out, which
allowed to study the electrical response of the device with only a few pBTTT crystal-
lites. In spite of the aggressively scaled channel lengths and high contact resistances
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(due to bottom-contact configuration), high field-effect modulations (∼103) and extrin-
sic field effect mobilities of 0.0045cm2V−1s−1 were obtained. These results constitute
the first report of a pBTTT nanotransistor operating at voltages <3V, concurrently
with extremely low leakage-currents.

The development of functional elements for electronic devices, such as ultra-thin di-
electrics presented here, is very important. These may allow operation of organic
electronic devices at very low power consumption and low production costs, which are
ultimately the bottleneck of many emerging technologies. The proposed hybrid gate
dielectrics may also prove valuable for other classes of semiconductors. The presence
of functional groups at the gate electrode surface unequivocally allows the growth of
semiconducting oxides via low-temperature atomic layer deposition, e.g. zinc oxide.
[186]. In fact, the method can be extended to any other chemical methods that rely on
the presence of functional groups on the SAMs. For example, phosphonic-acid SAMs
grown on LSMO has been already demonstrated as spin-polarized tunnel barriers[187],
and electrochemically deposited ferromagnetic metals has been shown to result in good
quality organic spin-valves[188]. One could envision utilizing simpler methods to ex-
ploit the presence of functional groups at the SAM surface. For instance, electroless
deposition of elemental ferromagnetic metals could be used in conjunction with the
mixed monolayers[189, 190], allowing the fabrication of organic-based TMR junctions
almost entirely from solution methods.
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