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Abstract

Since the discovery of conducting polymers in 1977, a new era of research work has escalated,
with applications such as transistors, solar cells, logic circuits, sensors, etc. The materials can be
chemically modified during their synthesis in order to tailor the desired mechanical, electronic and
optical properties of the final product. However, one of the main limitations of organic materials is
due to the combination of its low mobility, presence of traps and unbalanced mobilities between
positive and negative charge carriers. Several methods have been employed to determine the

mobility such as time-of-light, field-effect transistor, etc.

The work presented in this thesis focuses on utilizing a simple method called Space-
Charge-Limited current (SCLC) to determine the mobility of carriers in poly(3-hexylthiophene)
(P3HT). P3HT is one of the most studied organic semiconductor polymer due to its high positive
charge carrier mobility, good solubility and processability. Its positive charge carrier mobility has
been evaluated by several methods including SCLC. However, the knowledge of its negative
charge mobility is limited. In this work, we have investigated both the positive and negative charge
carrier mobilities utilizing the SCLC method. Finally, the obtained values are compared to the
obtained values by other methods that have already determined both of these mobilities.

Further, this work also sheds a new light on further enhancing the applications of low-
mobility conducting polymers by using it in simple, cost effective hybrid transistor architecture.
This transistor takes the advantage of the low mobility in conducting polymers and involves two
regimes of operation at low and high electric field strengths. At low electric field, SCLC regime is
formed and at high electric field strength thermionic regime is encountered. To our knowledge,
this is one of a kind architecture. The device operation mainly depends upon the properties of the

conducting polymer in use.



Resumo Estendido

Os objetivos deste trabalho de tese sdo: (i) avaliar as propriedades de transporte do poly(3-
hexylthiophene) (P3HT) utilizando o método de corrente limitada por carga espacial (SCLC); (ii)
fabricar e caracterizar um transistor que denominamos Controlled-Overflow-Transistor (COT).
Para isso, propomos um novo conceito de transistor, com base em SCLC e fendmenos emissédo

termionica.

Esta tese esta dividida em trés secBes: (1) Introducdo e propriedades eletrdnicas de
semicondutores organicos, onde € apresentada uma visdo geral do conceito de mobilidade de
portadores de carga em semicondutores organicos, para estudar as interfaces entre eletrodos
metalicos e semicondutores, e que inclui tanto SCLC e conceitos emissdo termidnica. (2)
Motivacdo e objetivo por detrds do uso de método SCLC para determinar as propriedades de
transporte em P3HT. Em seguida é apresentado o método de fabricacdo e caracterizacao elétrica
dos diodos para calcular os portadores de carga positivos e negativos no P3HT. Finalmente,
resultados e discussbes baseados em resultados obtidos dos dispositivos. (3) Introducdo sobre o
novo conceito de transistor COT. Seguido pelo método de fabricacdo e caracterizacao elétrica dos
transistores e resultados e discussdes baseados em resultados obtidos dos transistores.

Semicondutores organicos sdo Uteis para uma ampla gama de aplicagdes, devido a sua
combinacéo de propriedades eletrénicas e oOticas de semicondutores com propriedades mecanicas e
de processabilidade de polimeros. O Capitulo 1 apresenta uma visao geral das propriedades de
semicondutores organicos. Estes ttm muitas vantagens, tais como a fécil fabricacédo, flexibilidade
mecanica, baixo custo, etc. No entanto, a limitagdo principal € a baixa mobilidade de portadores, o

que dificulta as suas aplicacbes em que sdo necessarios alta velocidade e desempenho. A baixa



mobilidade dos portadores € devida a desordem na morfologia que tende a localizar os estados
eletrbnicos e o transporte de carga ocorre através saltos entre esses estados localizados. A
mobilidade caracteriza a facilidade com que a espécie carregada se move sob a influéncia do
campo eléctrico. Em semicondutores organicos, a mobilidade de carga dos portadores dependente
do campo elétrico aplicado e da temperatura. O Capitulo 1 destaca alguns dos modelos importantes
que descrevem esta dependéncia. As propriedades de transporte dos portadores de carga de
semicondutores organicos sdo usualmente analisadas por uma série de técnicas. Por exemplo, o
tempo de voo (TOF), corrente limitada por carga espacial (SCLC), transistores de efeito de campo
organicos, extracdo de carga por aumento linear de tensdo (CELIV). Destes métodos, TOF é o
mais popular para relizar medidas de mobilidade de transporte de materiais organicos. No entanto,
muitas vezes TOF ndo € pratico para avaliar a mobilidade dos materiais, uma vez que requer filmes
com varios micrometros de espessura. E muitas vezes dificil de replicar a morfologia dos filmes
finos usados nos dispositivos nos filmes espessos necessarios para as medi¢oes de TOF. Como
consequéncia, a mobilidade dos portadores de carga medida utilizando o método TOF em filmes
com diversos micrometros de espessura poderia ser completamente diferente da mobilidade real
em filmes finos de espessuras nanométricas, quando utilizado no dispositivo. Em nossa opinido, a
técnica de SCLC é muito mais simples do que o método TOF, uma vez que ndo necessita de filme

mais espesso e envolve custo experimental baixo.

O capitulo 2 estuda as interfaces entre eletrodos de metal e semicondutor intrinseco,
nominalmente ndo dopado (ndo intencionalmente dopado) de semicondutores, com foco principal
na corrente limitada por injecdo (ILC) e SCLC . ILC ocorre quando o deslocamento entre a fungéo
de trabalho do metal e a energia do LUMO (HOMO) de semicondutores € suficientemente alta
para causar uma ma injecdo de portadores de carga do metal para o semicondutor, devido a
existéncia de uma barreira de energia. Um dos exemplos mais importantes é a emissdao ILC
Schottky . E um fendmeno em que o potencial de barreira entre a interface metal-semicondutor é
reduzido , devido a combinacdo de campos elétricos aplicados e a forga da imagem . Uma
explicacdo detalhada pode ser encontrada no Capitulo 2 secdo 4 . Contrariamente ao ILC, SCLC
ocorre quando a resisténcia de contato € muito menor do que a resisténcia do material agrupado.
Em baixas tensdes aplicadas, as caracteristicas de corrente-tensdo seguem a lei de Ohm, o que

implica que a densidade de portadores livres gerados termicamente no interior dos filmes € maior



do que a dos portadores injetados. A densidade de corrente na regido condutora é dada por

J =qn,uV/d, onde n, é a concentracdo de elétrons livres no equilibrio térmico (considerando-

se apenas de elétrons), « é a mobilidade do portador de carga , V é a tensdo aplicada e d € a
espessura da amostra . Com o aumento da tensdo, a densidade dos portadores injetados se torna
comparavel com a densidade de portadores livres gerados termicamente, o mecanismo SCLC
torna-se perceptivel e a curva corrente- tensdo sofre alteracfes em suas caracteristicas. Portanto, o

inicio da SCLC tem lugar quando as caracteristicas da corrente-tensdo comecam a passagem da lei

de Ohm para o regime da SCLC . A tens&o de inicio é dada por V, = 8/9(qn0d2/g) onde ¢ € a

permeabilidade absoluta do semicondutor. Com a continuacao do aumento de tensdo, mais elétrons
(ou buracos) sdo injetados a partir do metal para o semicondutor. Devido a baixa mobilidade dos
semicondutores organicos, estes elétrons sdo acumulados perto da interface metal-semicondutor e
previnem mais injecdo de elétrons. Em outras palavras, a corrente é limitada pela sua prdpria carga
no espaco, 0 que por sua vez reduz o campo elétrico no elétrodo de injecdo para zero. A blindagem

devido a estas "catgas espaciais" produz caracteristicas ndo lineares de corrente-tensdo. Nesta
regido, a densidade de corrente , J = 9guV 2/8d % ¢ dada pela lei de Mott-Gurney para o caso de

tipo Unico de portadores e auséncia armadilhas.

Resumindo, para a regido condutora, J é proporcional a '™, onde n € o coeficiente angular

da curva ajustada, e no caso da regido 6hmica n ~ 1 e para da regido SCLC n ~ 2. No, capitulo 2,
secdo 5, sdo derivadas as expressdes matematicas de densidade de corrente 6hmica, ponto de
cruzamento e regies SCLC. Além disso, um contato 6hmico (ou quase-dhmico) na interface
metal-semicondutor, € importante para ocorrer uma injeccao de carga unipolar que permita medir a
mobilidade do portador na regido SCLC. A injec¢é@o unipolar pode ser obtida ajustando a diferenca
entre a funcdo-trabalho do metal e a energia do LUMO (HUMO) do semicondutor organico, ver

Capitulo 2 sec¢éo 6.

O objetivo deste projeto é a avaliagdo da mobilidade de portadores de carga positivas e
negativas, ou seja, buracos e elétrons, respectivamente, o P3HT regio-regular (RR-P3HT), usando
0 metodo SCLC. Anteriormente, 0 método TOF foi usado para calcular as mobilidades dos
portadores de carga no RR-P3HT, mas segundo nosso conhecimento, até agora s6 a mobilidade de

portadores positivos foi calculada utilizando o método de SCLC. Finalmente, a comparacéo



também seré feita com mobilidades obtidas anteriormente por TOF. Para avaliar a mobilidade dos
portadores de cargas positivos, apenas a mobilidade de configuracdo de diodo € usado com RR-
P3HT entre ITO / PEDOT: PSS e Al foi utilizada. O principio basico de operagdo envolve a
injecdo de buracos do ITO/PEDOT:PSS no RR-P3HT enquanto forma uma barreira de injecéo de
elétrons, sendo esta uma barreira de alta energia potencial entre o nivel de Fermi de Al e 0 LUMO
do P3HT. Desta forma, apenas os buracos sdo injetados no RR-P3HT, tendo somente a medida das
mobilidades de portadores de carga positivos. O capitulo 3 secdo 5 explica o principio de
funcionamento dos diodos em detalhe. A analise do grafico log-log das caracteristicas de corrente
x tensdo do diodo com ITO/PEDOT: PSS da uma regido éhmica (n ~ 1) e uma regido SCLC (n »~
2) em tensdes baixas e altas, respectivamente. Substituindo o valor de Vo como a tensédo do inicio
de SCLC,V,, = 8/9(gp,d? /&), obtém-se o valor de p,= 1.68 x 10" cm™. O préximo passo foi
calcular a mobilidade dos buracos. A mobilidade pode ser calculada usando-se J =qp,z;,V/d

que d& um valor de s = 1,16 x 10™ cm?/Vs e para a regido de SCLC a mobilidade de buracos

pode ser calculada utilizando J = 9g:Vv?/8d® 0 que da um valor de dy = 1,35 x 10 cm?/Vs. O

capitulo 3 secdo 6 cobre a parte dos calculos.

Para avaliar somente a mobilidade de portadores de carga negativos, é usada uma
configuracdo de diodo com RR-P3HT entre Al / CsO (de cima) e Al / CsO (inferior). O principio
basico de operagdo envolve a injecdo de buracos de elétrons por cima, no Al/CsO como no RR-
P3HT, enquanto forma-se uma barreira de injecdo de buracos, sendo esta uma alta barreira de
energia potencial entre o nivel de Fermi do Al/CsO e HOMO do RR-P3HT. Desta forma so
elétrons sdo injetados estdo no RR-P3HT e a avaliacdo de mobilidades serd somente de portadores
de carga negativa. A analise das caracteristicas de correntextenséo do diodo da uma regido 6hmica

(n ~ 1) e uma regido SCLC (n ~ 2) em tensbGes baixas e altas, respectivamente. Da tensdo
V,, = 8/9(qn,d? /), obtém-se o valor de n,= 3,36 x 10'® cm™. A mobilidade no regime 6hmico
pode entdo ser calculada usando-se J =qn,z, V/d , que da um valor de e = 1,71 x 10° cm*/Vs e

para a regido SCLC J = 9gV2/8d*, 0 que d4 um valor de de= 1,93 x 10 cm?/Vs.



A conclusdo tirada partir dos resultados acima € que, embora as concentracdes de

portadores de carga gerados termicamente para ambos 0s portadores sdo da mesma ordem de
grandeza, , i.e. Py~ N,~10"® cm™ & temperatura ambiente, com base nos valores de mobilidade o

transporte de portadores de carga positivas € muito mais eficiente do que os portadores de carga
negativas no RR-P3HT. Observou-se que quando o RR-P3HT é exposto ao oxigénio e a &gua, a
mobilidade dos portadores de carga negativa é reduzida em quatro ordens de grandeza, mas,

curiosamente, a mobilidade dos portadores de carga positiva permanece quase inalterada.

O segundo objetivo objetivo deste trabalho é o de fabricar e caracterizar eletricamente o
transistor COT. Para contornar o problema da baixa mobilidade dos semicondutores orgénicos, a
aplicacdo de transistores organicos que necessitam de correntes de saida alta é realizada através da
utilizacdo de dispositivos em arquitetura vertical. Aqui, os portadores de carga se movem através
do dispositivo perpendicularmente ao substrato e, portanto, tem que viajar distancia da ordem da
espessura do filme, tipicamente inferior a um micrémetro. O capitulo 4, se¢do 2, tem uma breve
descricdo dos transistores com base em materiais semicondutores em arquitetura vertical. Neste
trabalho, o desempenho dos transistores é ainda melhorado usando uma familia diferente de
transistores que foram denominados como COT. O conceito basico do COT tira vantagem da
baixa mobilidade dos portadores em polimeros condutores. Pelo nosso conhecimento, este
conceito é completamente novo e nunca foi testado antes. Nele, polianilina sulfonada (Span), um
polimero condutor auto-dopado, é utilizado como o semicondutor/condutor. Foi encontrado,
usando a teoria funcional da densidade (DFT) que o LUMO e HOMO de SPAN estdo em torno de
3,7eV e 4,7 eV em relacdo ao nivel de vacuo, respectivamente. Além disso, estados eletrdnicos
desocupados foram encontrados muito perto de 3,65 eV.

A fabricacdo de COT envolve a deposicdo de SPAN com uma espessura t é depositada por
polimerizagdo quimica no topo de Si tipo n. Depois Al por sublimagdo térmica como terminais
fonte (S) e de controle (CT), com uma distancia L entre os eletrodos foram depositados. A
relacdo entre L e t é escolhida de forma que que L >>t.



A interface Al/SPAN é conhecida por formar um contato quase-6hmico, ao passo que a
SPAN/n-Si € conhecida por formar um contato Schottky. Sobre a aplicacdo do potencial reverso
os elétrons sdo injetados a partir da fonte na SPAN. Devido a alta resistividade (medida pelo
método de quatro pontas) e a baixa mobilidade dos portadores na SPAN, os elétrons se acumulam
perto do contato de injecdo . Com a pequena espessura da camada de SPAN, devido a repulsao
eletrostatica entre os portadores de carga injetados, elétrons tendem a espalhar-se ao longo da
camada de SPAN na direcdo perpendicular a interface AlI/SPAN. Estes elétrons acumulados
tendem a preencher os estados eletronicos desocupados da SPAN. A ocupacdo desses estados
eletronicos pode ser alta o suficiente para que os elétrons possam adquirir uma energia potencial
suficiente para superar a barreira de energia Schottky na interface SPAN/n-Si. O campo elétrico
presente na barreira Schottky ent&o dirige os portadores de carga para o terminal n-Si. Portanto, o
fluxo de elétrons pode ser amplificado pelo controle da quantidade de injecdo de elétrons do Al
para SPAN. Observamos também que o dispositivo pode ser otimizado através da variacdo do
comprimento do canal e espessura da camada de SPAN. Com base nas caracteristicas do
dispositivo, foi observado que o ganho de corrente é quase quatro vezes mais elevado em
comparagdo com outros transistores baseados em materiais organicos semicondutores em
arquitetura vertical. No entanto, sofre de uma corrente de fuga elevada. Assim, mesmo sendo o
COT util para aplicacdes de baixa tensdo, mas a corrente de fuga elevada pode causar elevada

dissipacéo de energia.
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Introduction

1. Organic Electronics

Over a century ago, Leo Baekland synthesized the first man made polymeric plastic, unique to
anything previously known [1]. Since then, the scientific community has used organic
materials in pharmaceuticals, kitchenware, insecticides, safety equipment’s, etc. This is due to
the fact that the overwhelming majority of organic materials are insulators and therefore,
historically their functionality in electronics has been limited to electrical insulation. Electronic
applications emerged over the last fifty years, first with Pope’s study of the excited electronic
structure of anthracene in 1960’s [2], MacDiarmid, Shirakawa and Heeger achievement of
doping polyacetylene with iodine to produce conducting polymers in 1970’s [3], the use of
organic semiconductors in xerography in the 1980’s [4], and recently with the increase of
consumer products utilizing organic materials for electronic purposes [5]. The field of
electronics that emerged with the discovery of conducting and semiconducting organic
(carbon) based-materials is known as Organic Electronics. It has been used in wide variety of
applications including polymer solar cells [6], organic-based transistors [7] and organic light-

emitting diodes [8].

2. Properties of organic semiconductors

This behavior as semiconductors can be understood by considering one of the simplest

examples, polyacetylene. In polyacetylene exists a continuous network, often a simple chain,
of adjacent unsaturated carbon atoms i.e. carbon atoms in sp”- hybridization state where the
sp? - orbitals form a triangle within a plane and half-filled p,- atomic orbital, are in the plane
perpendicular to it. A o - bond is formed by an overlap of two sp?orbitals belonging to the
neighboring carbon atoms. On the other hand, side-to-side - overlap of the half-filled p,-

atomic orbitals leads to the formation of delocalized r - states (Figure 1).
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Figure 1: Scheme for the orbitals and bonds for two sp? - hybridized carbon atoms, where ¢ - bonds are formed

by overlapping of sp? - orbitals and n- bonds are formed by side-to-side overlapping of p,-orbitals [9].

The system of alternating double ( o and ) bonds and single o - bond in the conjugated
backbone gives rise to a separation of bonding and anti-bonding states resulting in the
formation of an energy gap and a spatially delocalized band-like electronic structure. The
highest occupied molecular orbital (HOMO) consists of bonding states of the 7 - orbitals with
filled electrons and is analogous to the valence band in silicon. The lowest unoccupied

molecular orbital (LUMO) consists of empty higher energy anti-bonding (z*) orbitals and is

analogous to the conduction band. The energy difference between LUMO and HOMO defines

the band-gap energy, Eg, of the organic material.

Another important factor in determining the character of the electronic states is that the
electrons and lattice are strongly coupled. As shown in Figure 2, an injected charge carrier will
polarize the nearby region. The structural deformation of the area of the charged molecule

follows the motion of the charge within the lattice almost instantaneously and remains spatially
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limited to the nearby environment of each charged molecule. Since what is moving through the
material is not simply a positive or negative charge carrier but also a local deformation, the
charge carriers in organic semiconductors are referred as polarons. Hence, terms like positive

and negative charge carriers are more frequently used in organic semiconductors.

Figure 2: Simplified illustration of a polaron. As the electron moves through the organic material, it attracts

positive ions. This lattice distortions travels with the electron.

3. Conduction in small molecules and polymers

Organic semiconductors can be arranged in order of increasing complexity: small molecules
and polymers. Small molecule is a term broadly used to refer to those compounds with a well-
defined molecular weight. In contrast, polymers are long-chain molecules consisting of an

indeterminate number of repeating molecular units. A commonality of both the polymers and
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organic molecules is a z - conjugated chemical structure. Polymers are usually quite long and
their 7 - conjugation is interrupted by defect, hence the conjugated polymers can be considered
as an assembly of conjugated segments. The length of the segments varies randomly and that is
the main reason for energetic disorder implying inhomogeneous properties and a relatively
broad density-of-states (DOS). The width of the DOS, to a large degree, determines the charge

transport.

The major difference between organic semiconductors based on small molecules and
conjugated polymers are the method of preparation. Thin films of small molecules are usually
prepared by means of thermal sublimation, whereas for conjugated polymers a wide range of

methods including spin-coating are available.

Some of the advantages of organic conjugated polymers and molecules are:

» The possibility of dissolving or emulsifying polymers in organic solvents to form inks
to be used in the printing press. This ink can later be used for roll-to-roll solution based
printing of electronics on flexible low-cost plastic substrates such as paper or plastic
films. Several integrated circuits can easily be patterned onto these substrates, on large
area with sufficient yield. This enables large-volume fabrication of electronics using

cheap deposition methods (printing, casting);

» Usually, inorganic semiconductors such as silicon are hard and brittle materials and
therefore require high temperatures (600 © -1000° C) with precise control for uniform
and crystalline deposition. On the other hand, organic semiconductors are soft (easily
deformed) and flexible due to their weak bonding to neighboring molecules through
Van der Waals forces. Therefore, they can be processed at room temperature, especially

in the case of organic molecules;
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» Tuning of material properties by chemical engineering, which enables endless

opportunities;

» Organic materials can be made and integrated with other applications such as organic

sensor device woven into textiles;

4. Charge transport in disordered organic semiconductors

In organic semiconductors, the charge transport (i.e. intramolecular transport) is easy along a
conjugated chain due to the 7 - orbital overlap. However, due to the amorphous structure of
polymer materials and the weak intermolecular interactions, charge transport between
molecules (intermolecular transport) is difficult. An organic semiconductor often contains
partially crystalline phases intermixed with partially amorphous phases. This disorder tends to
localize the energy levels of states and the transport is produced by charge carrier hopping
between these localized states (Figure 3). This localization and potential for collisions,
scattering and delays contributes to relatively low mobilities of organic materials. Therefore, in
spite of the above mentioned advantages, organic-based devices usually have lower
performance due to their low mobilities. The following sections will shed a light on the
concept of mobility in organic materials and highlight some of the popular methods that are

employed to calculate it.
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Figure 3: Energy level shifts throughout the material because of the local disorder. LUMO and HOMO may be
approximated by a Gaussian density of states. Hopping of electrons occurs through the LUMO (blue) and of holes
through the HOMO (red).

5. Charge carrier mobility

Electric current is the flow of charged particles, called charge carriers, which can be individual
electrons, individual atoms or molecules. In the absence of external electric field, charge
carriers will move randomly, especially in solid conductors, such as metals. As an electric field
is applied charge carriers will be accelerated. In solids, collisions and scattering events limit
this acceleration and result in a drift velocity for the carriers involved. In a given system, this

velocity will vary depending on the driving force, in this case the electric field, applied. The
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charge carrier mobility, ¢, is a measure of this proportionality between the carrier drift

mobility, v, , and the applied electric field, &:

Veg=M1.& (1-1)

Typically, the carrier drift velocity is given in units of cm/s and the electric field or electric

potential per unit distance in \//cm resulting in the mobility in units of cm?/Vs.

Mobility is thus an indication of how fast charge carriers will flow in a medium as a
function of electric field. This flow of charge carriers is the electric current. As an ability of a
material to conduct electric current density, J, is measured by its electrical conductivity, o,

according to the following relation:
J=0c.& (1-2)

implying a relationship between charge carrier mobility and the electrical conductivity. As the

carrier velocity is not the only factor in the flow of current, this relationship is given by:
o=n.q.u (1-3)

where n is the number density of charge carriers and q is the elementary charge (i.e. the charge
of single electron or proton, or an ionized species with an excess or absence of one electron).
Therefore, while the mobility informs how fast individual carriers will flow, the conductivity
informs how fast net charge will flow and includes how many carriers are moving and the
electrical charge of each carrier. The resistance of a material is measured by its resistivity, p,
which is given in units of Q.m. This resistivity is the inverse of conductivity. Thus,

conductivity is measured in units of Q*.m™,

Compare to the above theory, charge carrier mobility in disordered organic materials is
known to be dependent on the applied field. Thus, the simple proportionality of

7
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carrier drift velocity in Equation 1.1 does not hold, as the mobility itself is a function of the
field. Instead, Poole-Frenkel dependence has been shown to be applicable to organic charge
transport materials for fields from 10% to 10° V/ecm [10, 11], despite some theoretical

concerns about its applicability [11]. The Poole-Frenkel dependence of the mobility, «, on
the electric field, &, is given by the following equation, where , is the prefactor or zero-field

mobility and y describes its field dependence:

1) = 00 (7€) (1-4)
The most prominent model for fitting both the field and temperature dependence

is Bassler’s disorder formalism [12]. Here the disorders in both position including
orientational effects and energy are considered to be Gaussian distribution with widths of

>.and o, respectively. The full expression is shown in equation (1-5) [12] with C as an

uET)=u, eXp{— (32%} } EXD{CKK—ﬁj - Zz} 5”2} (1-5)

Finally, last factor is the composition. Extensive research work has been done on

empirical constant:

molecularly doped polymers and on how the mobility increases with higher content of the
active species [13]. Trap-controlled transport has also been studied with higher
concentrations and energetically deeper traps in transport material causing greater reductions
in mobility [14, 15], as carriers are trapped more frequently and for longer amounts of time
before being released (if released at all). In this case, the classic Hoesterey-Letson formalism
[16] is used to describe the effects of mobility of a material with relative concentrations of

traps, c, at a discrete trap energy, &,, below the majority material’s energy level (HOMO or

LUMO as relevant)
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1

#(C)=pu(c=0) .
1+cexp( ‘ )
KT

(1-6)

As the concentration of traps rises, there is a transition to trap-to-trap transport, where

some charge carriers will flow primarily in hops between traps and through the material.

6. Charge carrier mobility measurement methods

With the growth of organic electric fields, the understanding of the charge transport in
disordered organic materials is thriving, but it is still a rather empirical quantity, as
simulations are still insufficient to predict it a priori. Thus, it must be measured for all
systems of interest to truly know its value. As the charge carrier mobility is a key parameter
in understanding current motion in organic-based devices including the fastest response time
of such a device, it is of great importance to the field. To determine charge carrier mobility in
organic semiconductors, a number of methods have been employed including organic-field
effect transistors [17], space-charge-limited-current (SCLC) [18], time-of-flight (TOF) [19]
and charge extraction by linearly increasing voltage (CELIV) [20].

Of these methods, TOF method is the most popular one for charge carrier mobility
measurements in organic materials. However, TOF is often not practical for evaluating the
mobility of materials since it requires several micron thick films and specialized equipments.
It is often difficult to replicate the morphology of the thin films in the devices (~ usually 10
nm) in the micron thick films required for TOF measurements. As a consequence, the charge
carrier mobility measured using TOF method with several microns thick films could be
completely different than the actual mobility encountered with nanometer thin films when
used in the device. In our opinion, SCLC is a much simpler technique than the TOF method

since it does not require thicker films and involves simple experimental setup.
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The basic concept of SCLC will be explained in chapter 2 with help of metal-
semiconductor interfaces. It is followed by using SCLC method to calculate positive and
negative charge carrier mobilities in an organic semiconductor named poly(3-
hexylthiophene) (P3HT) in chapter 3.

10
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1.

Charge injection

Introduction

In this chapter, firstly, we will have a glance at the interface barrier formation between metal and
intrinsic semiconductor, undoped (only unintentionally) semiconductor. Secondly, various
contact barrier types with respect to intrinsic semiconductor will be discussed. Finally, injection-

limited current (ILC) and space-charge-limited current (SCLC) mechanisms will be reviewed.

. Interface barrier formation

The basic definition of an interface energy barrier is the energy offset between the Fermi energy
of the metal and the LUMO (HOMO) band-edge of semiconductor, where the majority carriers
reside. Figure 4 shows the formation of metal-semiconductor contact for an intrinsic
semiconductor assuming that both materials are pure and the interface is a defect free one.
Before contact (left picture of Figure 4), the two systems are in the original state. The

semiconductor has a conduction band level Ec at y from the vacuum level V., where y is the

electron affinity. The Fermi-level Egs is located halfway the band gap. The work-function of the
semiconductor is defined as the distance of the semiconductor Fermi-level from the vacuum
level, ®s = V| - Egs. The energy difference between the valence band level Ey and the conduction
band energy Ec is the band gap energy Eg, Ev = Ec - Eg. The work-function of the metal is
denoted as @y and equals the distance of the metal Fermi-level Er to the vacuum level, oy =V, -

Er. It should be noted that energies are represented in eV throughout this thesis.

11
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We will now focus on the formation of the interface barrier due to the energy offsets between the
metal Fermi-level and semiconductor conduction band level. Upon contact, the Fermi- levels of
the metal and semiconductor line out (right picture in Figure 4). When the work- function of the
metal is smaller (Ou < ®s), electrons can lower their energy by flowing from the metal into the
semiconductor to shift its Fermi-level (accumulation). When the work-function of metal is larger,
(®m > ©g), electrons will flow from the semiconductor into the metal, lowering the
semiconductor Fermi-level (depletion). The latter case is shown in Figure 4. When the metal and
semiconductor are contacted, there is a formation of depletion region, W, in semiconductor due
to conduction electrons moving from semiconductor to the metal, leaving uncompensated
positive donors behind. The depletion region does not contain mobile charges so that there can
be an electric field. This depletion layer also acts like a potential barrier, @p. This barrier has a

height of @y - y .for electrons to flow from the metal to the semiconductor. The size of the

barrier for electrons moving from semiconductor to metal is @y - ®@s, which is also the equal to
the total downward displacement of the bands in the semiconductor from the metal-
semiconductor interface. It is also observed from Figure 4 that far from the contact, the

semiconductor tries to establish the original state, as it was before contact.

12
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Figure 4: Formation of interface energy barrier between a metal and an intrinsic semiconductor. The picture shows the

formation of a contact barrier for the pure and defect free contacts. The energy barrier is given by @, = @y - X

inspired from [21].

3. Contact barrier types

In Figure 5, two essentially different contacts are described for an intrinsic semiconductor: (1)
when the contact work-function is larger than the semiconductor work-function (®y > @s), the
electrons are depleted from the semiconductor, as discussed in the previous section. Due to the
electron-depletion, the contact region cannot supply enough charge carriers to the bulk of the
semiconductor, and the contact is called blocking or injection-limited for electrons. At the same
time, the contact region contains an excess of holes (left picture of Figure 5). As a result, the
contact region can supply charge flow demanded by the bulk of the semiconductor and the
contact is Ohmic or bulk-limited for holes (2) When @y = ®s (right picture of Figure 5), the
Fermi-levels are aligned, and no charge redistribution is present. This is called neutral contact:
both the electron and hole contact have an interfacial concentration of charge equal to their

intrinsic free carrier concentration. (3) When the contact work-function is smaller

13
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than the semiconductor work-function (®v < ®@s, not shown in Figure 5), the situation is reversed
from (1): electrons are accumulated in the semiconductor, and the electron contact is Ohmic. The

hole contact now becomes injection-limited.
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Figure 5: Shows two barriers types for an intrinsic semiconductor. Left picture: @y > @s, corresponds to an
injection limited electron contact and an Ohmic hole contact. Right picture: @y = @s, corresponds to neutral
contact. The energy barrier, @y, in these pictures shown for electrons given by @b = @y, - inspired from [21].

4. Blocking/injection limited current (ILC)

ILC occurs when the energy offset between metal work-function and LUMO (HOMO) levels of
organic semiconductor is sufficiently high to cause a poor injection of charge carrier from the
metal to the semiconductor. In this case, the amount of injected charge is too small to give a
significant bending of the electrostatic potential, ®. Therefore, the electric field in injection-

limited devices is uniform. The electrostatic potential is defined by
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_dg _

2-
dx g (2-1)

where ¢ is the electric field and dx is the infinitesimal distance along the x-axis. Since the focus
here is on the conduction band and therefore we have chosen the value of electrostatic potential
times charges equal energy of the conduction band with respect to the Fermi-level of the system:
q® = Ec — Ef. The ILC current density, Jy.c, is a function of this electric field, &, and is expressed

as:

Jic =9 (f) =J (\dij (2-2)

where V applied voltage and d is the thickness of the organic material.

Generally, the field-enhanced thermionic emission model is used to represent the injection
current from metal to the organic material through the Schottky barrier. The phenomenon in
which a potential barrier is lowered due to the combination of applied electric field and the
image force is called Schottky effect or field-enhanced thermionic emission. Consider an emitted
charge from the metal into the semiconductor, at a distance x from the metal surface. An image
charge will be induced in the metal, of opposite charge and equal distance - x from the surface.

The electrostatic attractive force between the electron and the image charge is

-q° -q°
= = (2-3)
" Ar(2x)’e  167x’e
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where X is the distance electron-metal interface, q is the elementary charge and ¢ is the absolute
permeability of the semiconductor, & = & & With &g as the permittivity of free space and & as the
relative permittivity of the material. As a result, apart from the work done by electron in the
electric field, U = —qé&x, there is an extra amount of work done by an electron in the course of

2

q

671X

its transfer from infinity to the point x given by U(x)=TF dx =— 1 The resulting

potential energy of the electron (or hole for the case of hole injection) as measured from metal

Fermi-level is

U(X)=— —— g (2-4)

The position where the potential energy would be maximum,X ., can be obtained by

differentiating (2-4) with respect to x (d[U (x)/dx]=0), which yields
=————0¢ (2-5)

X . =+/0/167e & (2-6)

The maximum potential energy corresponding to X = X . can now be obtained from (2-4), as

1/2
U mx — —d [%} == qA¢B (2-7)
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Thus, under the presence of external electric field, the maximum potential energy is lowered
by Ag, (Figure 6).
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Figure 6: Band diagram at a metal/semiconductor contact. The straight solid line shows the band-tilt due to the
external field, the dashed line shows the image charge potential and the thick line shows the sum of two, which is

the actual profile of the potential as a function of x (equation 2-4) inspired from [22].

The current flow due to the Schottky effect can be represented by the Richardson-Dushman

equation [23]
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q¢b _;ﬂ\/g

J=A*T’exp| -
P KT

(2-8)

where A* is the Richardson-Dushman constant, T is the absolute temperature, Kis the

Boltzmann’s constant and £ is a material constant given by

B = \/E (2-9)
TE

Taking the natural logarithm of (2-8), we can write the characteristic equation for
Schottky emission as:

ng=1AVE [a*T?]-9% (2-10)
2 KT KT

Based on (2-10), the following three conditions should be satisfied in a device that exhibits the
Schottky effect: (a) A plot of InJ versus \/E yields a straight line; (b) The slope of line should
be equal to the theoretically calculated value of g/2KT ; (c) The variation of current with

temperature should be predicted by (2-8);
. Space-charge-limited current (SCLC) (Ohmic-to-bulk limited process)

Contrary to ILC, SCLC occurs when the contact resistance is much lower than the resistance of

the bulk material. As electrons are emitted from the metal to the semiconductor, a space charge

18



Charge injection

region develops at the semiconductor side due to the low mobility of organic semiconductors.
This space charge causes a repulsive effect on the further injection of the electrons from the
metal. The injected electrons must overcome both the attractive forces of the lattice (work-
function) of the metal and repulsive forces of the space charge to flow to semiconductor. Figure
7 shows a schematic representation of the metal-organic material interface with the presence of

space-charge region at the organic semiconductor side.

Metal GD@

(== X=)
(L))

Charge accumulation

Figure 7: Shows a schematic representation of injection of electrons from a metal into an organic semiconductor
of low mobility. Electrons are accumulated at the semiconductor side near the interface and inhibit further

injection of electrons from the metal.

Figure 8 illustrates the typical current-voltage characteristics for one-carrier SCLC
injection into a material. The SCL current-voltage characteristics are typically illustrated in
log-log plot because the SCL and voltage has a power law relationship. At small voltage,
segment (a) of Figure 8, the SCLC is not noticeable and Ohm’s law dominates the current-
voltage characteristics due to the presence of thermal equilibrium free carriers. The current

density is expressed in terms of drift current (neglecting diffusion term of the current) as:

V
J = aNopg = Qo (2-11)
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where N, is the thermal equilibrium free electron concentration (considering electron only), p is

the charge carrier mobility, V is the applied voltage and d is the thickness of the specimen. As the

voltage increases, there is no significant departure from Ohm’s law until the average injected

excess free-electron concentration, N.

injeected ’

becomes large enough to be noticeable. When

n becomes comparable to n,, the space-charge-limited (SCL) mechanism becomes

i njeected
noticeable and the current-voltage characteristics changes. Therefore, the onset of SCLC takes
place when the current-voltage characteristics begin to crossover from Ohm’s law to SCLC

regime. The voltage at which this crossover occurs is the crossover voltage, V.

The total charge density into the semiconductor is given by

Qinjected = pinjected d = qninjected d (2'12)

where p, ..., is injected free charge concentration and Q is total injected charge per unit

injected

area. As stated above, the crossover voltage, Vo, is the voltage when n =N, . Therefore,

i njeected

Qinjected = qnod (2'13)

If we consider organic semiconductor is sandwiched between two metals, then the total
charge per unit area, Qo, on one plate of the parallel-plate capacitor is proportional to the applied
voltage, V, across the capacitor, which can be written as:

Q,=C/NVandC, =¢/d (2-14)
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where Cp, is the capacitance per unit area of parallel-plate capacitor. From (2-12),

Qinjectes = AN d =CV,, :(g/ d)VQ , by solving (2-13), V can be written as

V, =(an,d? /) (2-15)

where C is the capacitance of the device. By inserting a factor of 8/9, we get:

V, = g(qnodz Je) (2-16)

As the voltage increases further, more electrons are injected from metal to
semiconductor. Due to the low mobility of organic semiconductors; these electrons are
accumulated near the metal-semiconductor interface and prevent further injection of electrons
(Figure 7). In simple words, the current is limited by its own space-charge, which in turn reduces
the electric field at the injecting electrode to zero. The screening due to these “space-charges”
produces non-linear current-voltage characteristics, segment (b) of Figure 8. The current density,
J, in the SCLC can be obtained by starting from the expression of the drift current and Gauss’s

law, we have:

J = qnué and?j—g - @ (2-17)
X

&

where Ng = N + N injected. we€ Can eliminate N, yielding:

21



Charge injection

J_gde

= 2-18
& dx (19)

Integrating this expression from 0 to x, while assuming electric field to 0 at x = 0 one obtains:

%: iz Orgz % (2-19)

Integrating once again over the thickness of the semiconductor from x = 0 to x = d, one finds:

gét \au 3/2 (2-20)

from which one obtains the expression for the SCLC as:

2
Jo QauV

8d 3 (2-21)

Equation (2-21) is known as the Mott-Gurney law for single-type of carriers and no traps
and Child’s law for solids [24]. This square law is the reason why the SCLC characteristics are
typically shown on log-log plot. Based on (2-21), the following two conditions should be

satisfied in a device that exhibits the SCLC phenomenon: (a) A plot of InJ versus InV should
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yield a region of slope equal to 2; (b) A plot of In J versus d should yield a region of slope equal
to - 3. It is also important to note that equation (2-21) is for a trap-free case i.e. with the absence
of traps in the semiconductor. In the case of traps, the current density equation is modified by a

trap-limiting factor & relating to the proportion of trapped charges (p,) to free charges (p) by

where 6 =

P+ P

For a trap-free case, p, =0 and therefore @ =1; with traps present, € is always less than unity.
Throughout this thesis, equation (2-21) will be used to calculated the mobility of semiconductor

in the SCLC region by assuming & = 1.

With further increase in voltage, the injected charges are no more affected by space-
charges in the semiconductor since injected carriers become dominant process and the mobility
is assumed as band mobility, see segment (c) of Figure 8. We won’t explore this segment since it
is not the focus of this thesis. A good explanation of the basic SCLC theory can be found in [24]
by M. A. Lampert and P. Mark.
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Figure 8: Current-voltage characteristics of Cu/CNCP/AIl sample, Cu positively biased where CNCP stands for
conjugated non-conjugated alternating polymer. Segments (a), (b) and (c) corresponds to increasing voltage,

segment (d) corresponds to decreasing voltage, taken from [25].

6. SCLC mobility

As previously stated in Chapter 1, one of the methods of determining charge carrier mobilities
in organic semiconductor is by using SCLC technique. The mobility in the SCLC regime is
determined from the electrical characterization of a diode produced by sandwiching an organic
layer of interest between two metal electrodes. The choice of electrodes is made in such a way
that only quasi-unipolar (only positive or negative) charge carriers are injected into the active

layer.

24



Charge injection

Left picture of Figure 9 shows the energy scheme of a positive charge carrier-only device. On
one side, a metallic contact with a high work-function is chosen in such a way that the
difference between work-function of the metal and energy of the HOMO level of
semiconductor is almost negligible. On the opposite lying contact, a blocking/injection-limited
contact is formed between the work-function of the metal and the energy of the LUMO level of
semiconductor with a potential energy barrier, ®,. With positively-biased, the metal with
higher work-function can inject positive charge carriers in the HOMO of the semiconductor.
Due to the low mobility in disordered semiconductors, the desired carriers that are injected
from the electrical contacts begin to build up “space-charge”, as previously discussed. On the
other hand, the negatively-biased metal will have negligible injection of electrons due to the
high potential energy barrier, ®,, between work-function of the metal and the energy of the
LUMO level of semiconductor. The opposite is true if one fabricates an electron only device
shown in right picture of Figure 8. Therefore, to evaluate the carrier mobility using SCLC
method two requirements must be fulfilled: (a) Quasi-Ohmic contact at the metal-

semiconductor interface and (b) Unipolar charge injection.
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Figure 9: Schematic figures of diodes with majority carriers as holes and electrons. In case of hole only device, only

HOMO HOMO

the metal with the higher work-function can inject holes provided that the opposite lying contact is not a good

electron injecting contact. The opposite is true in the case of electron only device.

One of the fundamental differences between organic-on-metal and metal-on-organic interfaces is
that the former is usually formed by depositing the organic semiconductor by evaporation or by
spin coating on a metal that has been exposed to atmosphere and is therefore somewhat
contaminated: contaminants include hydrocarbons or residual solvent molecules that may be
present due to the processing conditions. This contaminant layer effectively passivates the metal
surface, and reduces the interaction between the organic molecules and metal, leading to an

energy band alignment that is close to the Schottky-Mott limit.

In contrast, metal-on-organic contacts are usually deposited by metal evaporation in
vacuum, where the presence of contaminants is greatly reduced. The stronger interaction

between the organic surface and the metal often induces a strong Fermi-level pinning and a large
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interface dipole, causing the energy band alignment to depart from the vacuum level alignment

expected from the electronic structure of the isolated metal and semiconductor.

Data analysis is done by fitting J-V curves in the linear region (Ohmic region) and the
quadratic region (SCLC region), respectively. Generally, for Ohmic region, J is proportional to
V ", where n is the angular coefficient of the fitted curve and in the case of Ohmic region n ~ 1.
For SCLC region, J is proportional to V ", where n = 2. Also, the value of V,, can be obtained by

the crossover point from Ohmic to SCLC regions. With the known value of Vo, and

semiconductor thickness and absolute permittivity one can calculate the value of n, using (2-

15). The knowledge of the value of N, can then be utilized to evaluate the charge carrier mobility in

the Ohmic region, which can be evaluated using (2-11). Similarly, the value of charge carrier
mobility in SCLC region can be evaluated by fitting of the SCLC region and utilizing (2-21).
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Evaluation of transport properties in region-regular poly(3-
hexylthiophene) using SCLC method

Introduction

This chapter firstly gives a short introduction about regio-regular poly(3-hexylthiophene) (RR-
P3HT) and its properties. Secondly, the main motivation behind this project is discussed. Next,
fabrication, principle of operation and results based on the devices that are used to evaluate the
transport properties in RR-P3HT will be reviewed. Finally, conclusions based on the obtained

results and a glance at future work will be given.

Poly(3-hexylthiophene)

Poly(3-hexylthiophene) (P3HT) is one of the most studied semiconducting polymer due to its
high hole mobility, good solubility and processability [26]. It is stable both in doped and
undoped state. The 3-hexyl substituent in the thiophene ring can be incorporated into the
polymer chain with two different regio-regularities [27], shown in Figure 10 (A): head-to-tail
(HT) and head-to-head (HH). A regio-random P3HT consists of both HH and HT in a random
pattern while a regio-regular (RR) P3HT has only one kind of 3-hexylthiophene either HH or HT
(Figure 10 (B))

CSH13 CSH13
Head-to-Tail (HT) Head-to-Head (HH) Regioregular P3HT

Figure 10: (A) Two different regio-regularities that can be incorporated into a polymer chain (B) The chemical
representation of regio-regular poly(3-hexylthiophene) (P3HT) [27].
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Upon casting onto thin films, RR-P3HT has great potential as an organic semiconductor in
electronics because of its strong tendency to self-assemble into crystallites with ordered
structures. This gives rise to positive charge carrier field-effect mobilties of the order
0.1cm?/ Vs [28]. On the other hand, the regio-random P3HT has a twisted chain conformation

with poor packing and low crystallinity, resulting in positive charge carrier field-effect mobilities

of only 10™* cm?/ Vs [27]. Depending upon the processing conditions and regio-regularity of
the polymer, the polymer chains can be ordered in two different orientations, parallel or normal
to the substrates [28]. The mobilities had been found to be three orders of magnitude higher
when 7 —stacking direction is parallel to the direction of charge transport, thus demonstrating
fast and efficient interchain transport of the carriers. The morphology and charge transport of the
RR-P3HT has also been shown to depend on the molecular weight [29]. In addition, the choice
of solvents strongly influences the microscopic morphology of the film and thus its mobility
[26]. It has been established in the literature that the P3HT oxygen is known to form a charge
transfer complex resulting in p-doping of P3HT [30]. Furthermore, oxygen induced degradation
of P3HT is reported in decreased mobilities and increased trap densities [31].

Motivation

In the past, the charge carrier mobilites in P3HT has been evaluated using TOF method [32]. In
this report, they claimed that by using a high purity and chemical/structural regularity a relatively
high negative and positive charge carrier mobility in RR-P3HT can be obtained. To our
knowledge, till now SCLC method has only been employed to evaluate the positive charge
carrier mobility in P3HT [33]. The aim of this project is to evaluate both positive and negative
charge carrier mobility in RR-P3HT using SCLC method and then to compare it and analyze the

obtained results with the TOF results. Table 1 below compares the selected charge carrier
mobilities obtained by TOF and SCLC methods.
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Methods
Mobilities | TOF[32]  SCLC[33] | SCLC (this
(cm?/\s) work)
My 3x10* 10° -10* ?
M, 1.5%x10* - ?

Table 1: Compares the selected positive charge carrier () and negative charge carrier (l) mobilities values
obtained using time-of-flight (TOF) and space-charge-limited-current (SCLC) methods.

9. Fabrication

The devices characterized here have the metal/polymer/metal structure in a diode architecture
prepared on the top of a glass. For the current-voltage characteristics of positive carrier only
devices, a configuration of Aluminium (Al), regio-regular P3HT, poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS), indium tin oxide (ITO) is used.
The first step is to cut ITO (150 nm) coated glass to have a size of 1cm’. The ITO was etched in
the area of the Al contacts (left picture of Figure 11). Therefore the rest of the device was
protected before etching by uniform nail polish layer (commercial product) to form a solid and
thin protective layer. Etching was done using HCI:H,O ratio of 2:1. The next step is to clean the
glass. The cleaning process was done in an ultrasonic bath in acetone for 10 min followed by
ultrasonic bath in isopropanol and distilled water for 10 min. Next, PEDOT:PSS (100 nm) was
deposited by spin-coating at 2000 rpm for 30 s and vacuum annealed at 100° C during 10 min.
After this step, RR-P3HT (100 nm) was deposited by spin-coating at 2000 rpm for 1 min from a

7 mg/mL solution dissolved in toluene and vacuum annealed at 100° C during 10 min (middle

picture of Figure 11). Finally, Al (150 nm) was evaporated at a base pressure of 10 ® torr (right
picture of Figure 11).
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e

Active area

Figure 11: Left picture shows ITO glass substrate with etched ITO from the sides, middle picture shows the mixture
of spin-coated solutions of P3HT and PEDOT:PSS on top of ITO, right picture shows the evaporated Al electrodes

with as active area of 0.3cm?.

To evaluate the mobility of negative charge carriers a structure of Al/CsO/P3HT/CsO/Al was

used. In this work, after cleaning the glass, firstly, Al and caesium carbonate (Cs,CO3) were

evaporated at a base pressure of 10 ® torr. Evaporation of Cs,COs tends to deposit as a caesium
oxide (CsO) layer [34]. The CsO layer of 3 nm was deposited on top of the Al. Secondly, RR-
P3HT (100 nm) was spin coated with the procedure explained previously. Finally, Al and CsO
were deposited again by thermal sublimation on top of RR-P3HT. Al and CsO layers thicknesses
were monitored with the help of a quartz oscillator. P3HT and PEDOT:PSS thicknesses layers
were measured using DektaXT surface profiler. Both RR-P3HT and Cs,CO3; were purchased
from Sigma-Aldrich. In all the devices, the active area was defined to be 0.3cm’ by using a

shadow mask.
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10. Principle of operation

Figure 12 shows the energy scheme of a positive charge carrier only device. As suggested
before, to evaluate the carrier mobility using SCLC method two requirements must be fulfilled:
(@) Quasi-Ohmic contact at the metal-semiconductor interface and (b) Unipolar charge
injection. To satisfying both the conditions, a PEDOT:PSS layer deposited on top of ITO is
chosen. PEDOT:PSS is chosen as a transport material for positive charge carrier’s transport
and is also known to give smooth and non-oxidizing interfaces [35]. PEDOT:PSS with a work-
function of 5.2 eV [36] tends to form an Ohmic contact for efficient hole injection in RR-
P3HT, which has a LUMO and HOMO energy levels of 3.0 eV and 5.0 eV, respectively [37,
38]. ITO with a work function of ~ 4.9 eV [39] is needed since it is easier to contact with
external wires as compared to PEDOT:PSS from our experimental point of view. The opposite
lying contact Al with a work-function of 4.3 eV [40] is chosen to form injection-limited
contact/barriers for the injection of both positive and negative charge carriers in P3HT,
respectively. These barriers are formed due to the position of the Fermi-level of Al with respect
to LUMO (HOMO) of P3HT. With ITO as positive biased, positive charge carriers (holes) can
be easily injected from PEDOT:PSS to HOMO of P3HT while Al as negatively biased cannot
inject negative charge carriers (electrons) due to the high energy barrier, @y, between its Fermi
level and LUMO of P3HT.
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® clectrons, e

LUMO: 3.2 eV
P3HT
Al: 4.3 eV
"o ) : Negative
PEDOT:PSS.: | v
4.9 ev 5.2 eV HOMO: 5.1 eV electrode
Positive _ N
electrode Hole trlansportlng\,holes, h O
et Active area

Figure 12: Schematic energy diagrams with respect to vacuum level for ITO (150 nm), PEDOT:PSS (100 nm),
region-regular P3HT (100 nm), Al (150 nm), a hole-only single-carrier devices. Holes are collected via PEDOT:PSS
of work-function ~5.2 eV, by positively biased ITO electrode with work-function ~ 4.9 eV . On the other hand,
negatively biased Al with a work-function ~ 4.3 eV cannot inject electrons due to high energy barrier between its
Fermi-level and LUMO of P3HT.

Figure 13 shows the energy scheme of a negative only charge carrier device. The preparation
of efficient contacts for negative charge carrier injection is more problematic, since low work
function metals are highly reactive when exposed to oxygen and humidity. Recently, however,
an efficient negative charge carrier injection in Alg3, Tris-(8-hydroxyquinoline) aluminium,
was found by using a combination of Al/CsO [41]. Thermally evaporated CsO behaves as a
heavily n-doped semiconductor exhibiting high conductivity with an intrinsically low work
function. We use this strategy in our devices to inject negative charge carriers in the LUMO of
RR-P3HT (Figure 13). With one of the Al/CsO electrodes as negatively biased, electrons can
be easily injected to LUMO of P3HT while opposite lying Al/CsO electrode as positively
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biased, cannot inject holes to HOMO of P3HT due to the due to the high energy barrier, @y,
between its Fermi level and HOMO of P3HT.

Al/CsO: 2.2 eV ~— Al/Cs0O: 2.2
= ® clectrons, e _
Positive LUMO: 3.2 eV Negative
electrode electrode
P3HT
HOMO: 5.1 eV
holes, h+ O
Active area

Figure 13: Schematic energy diagrams for Al (150 nm), CsO (5 nm), region-regular P3HT (100 nm), CSO (5 nm),

Al (150 nm), an electron-only single-carrier device.

11. Results and Discussions

Current-voltage characteristics of the devices were measured using a Keithley 2602 source-
meter in air. The inset plot of Figure 14 shows the log current-voltage characteristics of
Al/P3HT/PEDOT:PSS/ITO diode with Al biased and PEDOT:PSS/ITO as grounded, as a hole
only device. With Al(+)/P3HT/PEDOT:PSS/ITO(-), respectively the diode current attains order
of magnitude in the range of mA at 3 V. On the other hand, with Al(-
)/IP3HT/PEDOT:PSS/ITO(+), respectively the diode current attains order of magnitude in the
range of nA at 3 V. The rectification ratio, which is the ratio of currents measured at the same
absolute bias, at 3 V exceeds value of 10°. This suggests that the
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insertion of the PEDOT:PSS layer provides sufficient injection of positive charge carriers in
P3HT. Whereas, Al forms an injection-limited contact for the injection of both positive and

negative charge carriers in P3HT.

Further analysis of current-voltage characteristics of Al(+)/P3HT/PEDOT:PSS/ITO(-)
diode is done by plotting its characteristics in the log current-log voltage scale (main plot of
Figure 14).

107 |

10° 3

1 (A)

10 3

V (V)

Figure 14: Inset figure shows the current-voltage characteristics of Al/P3HT/PEDOT:PSS/ITO diode with Al biased
and PEDOT:PSS/ITO as grounded. Main figure shows the log-log plot of the inset figure with top contact Al/CsO
negatively biased and bottom contact Al/CsO positively biased, respectively. At low voltages (V < 1 V), an Ohmic

region is observed and at higher voltages (V > 1 V), SCLC region is observed.
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It shows two distinct regions: At low voltage (V< 1V), there is an Ohmic transport region

(1 «cV) and at higher voltage (V > 1V) , SCLC region occurs corresponding to | o<V 2.

Substituting the values of Vo = 0.9 V (from the main graph), g = 1.6 * 10 *° C, d (P3HT)
= 100 nm, g = 8.854 * 10  Fm?, g (P3HT) = 3 [42] in the equation (2-15),
V,, = 8/9(qp,d? /&), one obtains the value of p,= 1.68 x 10'® cm™. The value of p, represents

the amount of thermally generated holes carriers in RR-P3HT at room temperature. Next step is

to calculate the Ohmic and SCLC hole mobilities, respectively. Ohmic mobility can be

calculated from (2-11), J =qpyz,V/d, which gives a value of Uy (Ohmic) = 1.16 x 10
cm?Vs and for SCLC region the hole mobility can be calculated using (2-21),
J = 9V ?/8d*, which gives a value of [, (SCLC) = 1.35 x 10™* cm?/Vs.

The inset plot of Figure 15 shows the current-voltage characteristics of
Al/CsO(top)/P3HT/AI/CsO(bottom) sandwich structure with top Al/CsO biased and bottom
Al/CsO grounded. It can be seen that the current-voltage characteristics is almost symmetric. It
means that the combination of Al/CsO on top of RR-P3HT has almost the same effect in both the
cases (i) when it is deposited over P3HT and (ii) when P3HT is deposited over it, despite the fact
that a native Al oxide layer is expected to be present before P3HT deposition on the bottom
electrode. The obtained rectification ratio at 3 V here is ~ 1. The main plot of Figure 15 shows
the log current-log voltage characteristics of Al/CsO(-)/P3HT/AI/CsO(+), respectively.
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Figure 15: Inset figure shows the current-voltage characteristics of Al/CsO (top)/P3HT/CsO/Al (bottom) diode with

top Al/CsO biased. Main figure shows the log-log plot of the inset figure with top contact Al/CsO negatively biased
and bottom contact Al/CsO positively biased, respectively. At low voltages (V < 1 V), an Ohmic region is observed

and at higher voltages (V > 1 V), SCLC region is observed.

Similarly to the previous results, the current-voltage characteristics of main plot show two

regions: At low voltage (V < 1V), there is an Ohmic transport region . (1 oc V). At higher voltage
(V>1V) , SCLC region occurs corresponding to | ocV ?. Substituting the values of Vo = 1.8 V
(from the main graph), in the equation (2-15), V,, = 8/9(qn0d2/g), one gets the value of n,=

3.36 x 10'® cm™. The value of n, represents the amount of thermally generated negative carriers
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in RR-P3HT at room temperature. It is important to note that hat the value of n, is of the same
order of magnitude of p,. Using (2-11), J =qgn,x,V/d , the obtained value of U (Ohmic) =

1.71 x 10”° cm?/Vs and using (2-21), J = 9g:V2/8d*, the obtained value of e (SCLC) = 1.93 x

10° cm?/Vs, respectively.

Table 2 compares the values of the mobility obtained here with the values measured by
TOF and SCLC methods in the literature. The values for positive charge carriers determined here
are in good agreement with those reported in literature [32, 33, 43, 44]. However, we have found
a substantially lower mobility of the negative charge carriers compared to the values obtained
using TOF method. In the article that used TOF method, they claimed to use a high purity and
chemical/structural regularity RR-P3HT. Also, they claimed that this is the first time such a
balanced and high positive and negative charge carriers mobilities are obtained for a conjugated
polymer. Although, the atmosphere in which the measurements were made is not identified.
Here, the thermally generated charge carriers concentration for both holes and electrons were of

the same order of magnitude, i.e. p,= n,= 10'® cm™, at room temperature. It means although the

thermally generated charge carrier concentrations in both carriers are of the same order of
magnitude, but based on mobility values the transport of positive charge carriers is much more
efficient than the negative charge carriers in RR-P3HT. The transport of negative charge carriers
in RR-P3HT could be hindered due to the combination of several factors including charge
transfer complex formed between RR-P3HT and oxygen due to the exposure of RR-P3HT during
the fabrication and electrical characterization process. This complex is known to remove the
negative charge carrier from P3HT, resulting in p-doping of P3HT [30]. Furthermore, oxygen

could induce degradation of P3HT and increase trap densities resulting in lower mobilities [31].
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12. Conclusions

An interesting conclusion can be made based on the obtained results is that when RR-P3HT is
exposed to oxygen and water moieties presence, the mobility of negative charge carriers is
affected decreasing by four orders of magnitude, but interestingly, the positive charge carrier’s
mobility remains almost unaffected. To our knowledge, this is the first time SCLC method has

been used to evaluate the negative charge carrier mobility in RR-P3HT.

Methods
Mobilities TOF [32] SCLC[33] = SCLC (this
(cm?/Vs) work)
Hy 3x10* 10°-10"* = 1.35x10°
He 1.5x107* - 1.93x10°°

Table 2: Compares obtained values of the positive () and negative (lL.) charge carrier mobilities using SCLC

method with the mobilities values obtained using time-of-flight (TOF) method.

13. Future work

To verify whether the variation of the space-charge limited current follows a d ~* law over the
thickness range of RR-P3HT, according to current density in the SCLC region J = 94V ?/8d? .
This could be done by varying the spinning speed to deposit RR-P3HT. This scaling states that
for a given mean electric field, the current density decreases inversely proportional to the third

power of the layer thickness of the organic semiconductor layer.
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Introduction

Today, we are living in the world of electronics and hence they immensely affect our daily life.
One of the main building block of all electronic components is the transistor. During the last 60
years, electronic industry was dominated by inorganic semiconductors such as Silicon (Si) and
Germanium (Ge). Despite its popularity, for some applications such as low cost, large area and
flexible electronics the use of inorganic semiconductors is not an ideal choice. This led to the
extensive research on various materials to find an appropriate alternative semiconductor for such
applications. Organic-based electronics provided this alternative due to its promising advantages
such as low-cost, simplification of production process, etc. To overcome the low mobility of
organic semiconductors, the application of organic transistors requiring high output currents
might be realized by the use of vertical devices. Here, charge carriers move through the device

perpendicularly to the substrate and thus have to travel less than a micron.

Many inorganic transistors exhibits a vertical geometry, therefore several attempts have
been made to transfer their structure to organic electronics. The modulation of current between
two separated electrodes by the use of a third electrode placed in between was first reported in
1926 when E. Lilienfeld patented the vacuum tube [45]. After more than 20 years, the bipolar
transistor was invented in Bell Laboraties [46], the vertical concept was applied successfully in

semiconductor technology.

This chapter firstly gives a short overview of some of the transistors based on vertical
architecture. It is followed by the main motivation behind the idea of Controlled-Overflow-

Transistor (COT). Next, materials, fabrication process, principle of operation and
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results obtained will be explained. Finally, conclusions based on the results COT will be
analyzed and a glance at future work will be given.

. Transistors based on semiconducting materials

Metal-base transistor (MBT)

In 1932, Julius E. Lilienfeld applied for a patent on the amplification for a patent on the

amplification of current in a semiconductor-metal-semiconductor structure (Figure 16) [47].

Figure 16: Lilienfeld’s schematic drawing of the first current amplifier, (10), (11) marking the semiconductors and
(12) a metal layer [47].

The metal-base transistor (MBT) consists of two identically doped semiconductors layers
(emitter and collector) sandwiching a metal layer (base). The MBT is defined as hot-carrier
device since the electrons cross the middle electrode by ballistic transport. Thermalization, which
is an obvious limiting factor of the electron transfer through the base, depends upon the ratio of
the base layer thickness and the mean free path for electrons in the metal. Apart from crossing
the base metal, the electrons also have to overcome both emitter-base and base-collector
interfaces.
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The semiconductor materials are chosen in such a way that the energy barrier between emitter
and base (q¢ge) is higher than the energy barrier between base and collector (q¢sc) to have

efficient injection of charge carriers from emitter to collector (Figure 17) [48].

Emitter E Collector
Ec - -

Er
Ev

Figure 17: Energy band diagram of a MBT [48].

The current enhancement factor for common-emitter mode, S, is given by [21]

B = Il (4-1)

Thus, g gives the ratio of amplified output current at the collector (I;) to the base current (Ip).
The calculation is done similarly for common-base mode, here the common-base mode

enhancement factor ¢ is obtained as the ratio of collector and emitter current:

o = I/l (4-2)
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In 2004, Hiimmelgen et al. reported a n-type MBT using Cg and n type Si (n-Si) as emitter and
collector, respectively, and gold (Au) as a metal-base layer. For an operating voltage of 5 V, the
common-emitter current gain of 100 + 20 is calculated [49]. In 2008, HUmmelgen et al.
reported another n-type MBT in which Au was replaced by an organic conducting polymer P-
type sulfonated polyaniline (SPAN) as a metal-base layer. These devices were operated at low

operating voltages of 1 V to show common-emitter current gain equal to 8 [50].
Permeable-base transistor (PBT)

Like MBT, PBT is a majority carrier device. Electrons are transferred from emitter to collector
through pinholes in the base electrode instead the ballistic process known from the MBT. The
current is controlled by the barrier lowering in the pinholes. The size and distribution of holes
depends upon the materials used and on production. As current through openings and hot
electrons add up to the collector current, the problem of defining these two contributions arises.
The evidence of pinholes is provided by the measurement of the device in common-base mode.
If the base is continuous, it shields the emitter from the electric field which is generated by
application of collector voltage Vcg and no change of emitter current I, is observed. Thus, the

following equation is valid for a MBT with a continuous base:
a, /é\/CB =0 (4-3)
For PBT, emitter current is affected by the application of collector voltage Vcg

A, /N, #0 (4-4)

In 2009, Himmelgen et al. reported P-type PBT using a combination of Al/\V,0s/ 2,6-
diphenyl-indenofluorene layer as the emitter, a Ca/Al/Ca multilayer as the metal base, and p-Si
as collector [51]. They demonstrated a hybrid organic/inorganic PBT with a low-leakage current

in common-emitter mode and a highly reproducible common-emitter current gain of ~ 2
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independent of base current and collector voltage. In 2006, Horng et al. reported polymer space-
charge-limited transistor using a Al metal grid sandwiched between poly(3-hexylthiophene).
PEDOT:PSS and Al were used as emitter and collector, respectively [52]. Even though the name
of the transistor is different, but the principle of operation is similar to PBT. Here, the devices
were operated at a voltage of 3 V to achieve common-emitter current gain of 506.

. Motivation

The previously discussed transistors i.e. MBT, PBT and polymer space-charge-limited transistors
showed promising results. However, one major drawback of these transistors is low emitter-
current gain. Table 3 compares the common-emitter gain values of the previously discussed
transistors. The aim of this work is to further enhance the performance of organic-based
transistor in vertical architecture by using a new family of transistors called as Controlled-
Overflow-Transistor (COT). The basic concept of COT is take advantage of low mobility in
conducting polymers. The idea is to form a blocking barrier (Schottky barrier) between
conducting organic semiconductor and an inorganic semiconductor and to use the space-charge
accumulation concept in the conducting organic semiconductor to control the charge overflow
through a Schottky barrier. This concept goes back to almost 50 years, in which a thin film
transistor operating under SCLC transport conditions was proposed using only a blocking contact
to isolate the gate electrode from the active layer. To our knowledge, this is the first time that

this idea has been implemented in a device.
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Transistors

current gain

references

Metal-base transistor 100 + 20 [49]
Metal-base transistor 8 [50]
Permeable-base 2 [51]
transistor
Polymer space- charge- 506 [52]
limited transistor
Controlled-overflow ?
transistor

Table 3 Compares the common-emitter gain values of the metal-base, permeable-base and polymer space-

charge-limited transistors.

4. Self-doped sulfonated polyaniline (SPAN)

In COT, a self-doped p-type conducting polymer known as sulfonated polyaniline (SPAN) is

used as an active material. The following passages focuses on motivation, principle of operation

and chemical synthesis of SPAN.

Polyaniline

Polyanilines are a class of polymers where doping of the neutral form involves transfer of both

electrons and protons. It exists in three well defined oxidation states: leucoemeraldine,

emeraldine and pernigraniline. The leucomeraldine base is fully reduced (all amine nitrogens)

whereas the pernigraniline are fully oxidized (all imine nitrogens) and emeraldine form has an

imine/amine ratio of 0.5 [53]. Beginning from insulating leucomeraldine, electrically emeraldine
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can be obtained by oxidation process. Upon further oxidation, a fully oxidized pernigraniline can
be obtained (Figure 18).

Figure 18: Different bases of polyaniline formed by oxidative and protonic doping with HA as acid proton donor.

Undoped phase amine groups (—NH-) contains non-bonding (lone pairs) nitrogen orbitals while imine groups

(-N =) contains a mixture of lone pairs and 77 -conjugated orbitals [54].

In addition these various oxidation states can be switched between doped salt and non-
doped base forms by protonation. Out of five forms of aniline, only the emeraldine salt is
conducting. Polyaniline is one of the most intensively studied conducting polymers due to its
unique properties such as wide range of electrical and optical tunable properties, good stability in
the presence of water and humidity, high conductivity, inexpensive monomer and ease of
preparation. It has been used for various applications such as transistors [55, 56], light emitting
diodes [57, 58], and rechargeable batteries [59-61]. However, limitations such as poor solubility
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in common solvents, pH dependent conductivity and electroactivity have limited its use in

industrial applications.

Self-doped polyaniline

To enhance the solubility of polyaniline in aqueous solution, a water soluble, self-doped,
conducting polyaniline derivative known as self-doped sulfonated polyaniline was discovered in
1990 by Yue and Epstein [62] and Dao et al. [63]. Initially, polianiline in its emarldine base form

is treated with polar sulfonotric acid groups. This will result in self-doped polymer, which has

the base formula of emeraldine base with sulfonated protonic groups (SO5H") covalently bound

to its reduced and oxidized repeat groups (Figure 19)

H* SO H+

@@@Q

Figure 19: Semiconducting state of sulfonated polaniline

The proton from the sulfonated group gets drawn to the imine groups, which has an immobile

7 —electron system. This will induce bipolarons on the imine group sites (Figure 20).

s0;
H /H H /
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N N N= N
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Figure 20: Formation of bipolarons
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Due to internal redox reaction, bipolarons are energetically unstable and lead to the formation of
two polarons with one unpaired electron per unit. The result is a half-filled and a potentially
metallic state where there is a positive charge in each repeated unit with its associated counterion
(Figure 21). Due to the electrostatic repulsion between the two positive charges, polarons will be
separated to yield a polaron lattice [64].

(ataatat

Figure 21: Conducting state of sulfonated polyaniline with no change in the number of electrons. The polarons

separates, which results in a polaron lattice [64].

Figures 19-21 showed the conversion of a polyaniline emeraldine base (semiconductor)
form to its emeraldine salt (conducting) form by protonation. The removal of protons will result
in the polar sulfonated groups (SOs) with negative charges. The hydrophilic interactions
between the sulfonated groups and polar molecules of water enhance its solubility. Thus, the
sulfonate group not only improves water solubility but also acts as a charge balancing counterion

when the polymer is oxidized/reduced.

The conductivity of the SPAN depends upon the degree of sulfonation and the position
and nature of the side lateral group. Table 4 summarizes some of the results obtained by different
research groups. Even though the solubility of polyanilne is increased by the presence of
sulfonated groups along the polymer backbone, it also resulted in lowering of the conductivity.
The decrease in conductivity could be attributed to twisting of the phenyl rings relative to one
another and increased interchain separation (separation between two chains) due to increasing

sulfonate groups density causing lowering of w-orbital overlap [65].
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Structure Degree of Sulfonation | Conductivity (S/cm) References
(%)
SO,H 50 0.1 [66]
\ 75 1.0 [67]
H n 100 10%-10° [68]

Table 4: The dependence of SPAN conductivity on the sulfonation degree.

Unlike polyaniline, sulfonated polaniline has much stronger temperature dependence of the

conductivity due to greater electron localization [68, 69, 70]. Unlike polyaniline, its conductivity

is independent of pH due to the presence of intrinsic acid on the polymer backbone. The pH

independence of conductivity up to 9 was reported [69].

SPAN preparation by chemical polymerization

In this research work, SPAN is prepared by copolymerization of monomers metanilic acid

(aminobenzenesulfonic acid containing sulfonic groups) and aniline with ammonium

perioxdisulfate as the oxidant. The extent of doping can be tuned through the choice of metanilic

acid/aniline ratios to vary the sulfonation degree by keeping the oxidant at a constant value. The

method used here is similar to the method used by Yang et al. [70].
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The SPAN preparation was made by using two different solutions:

1) 0.245¢g of metanilic acid was dissolved in 400 mL of deionized water, ultrasonicated for
10 min, followed by mixing 65 uL of aniline. The obtained solution was maintained at a
constant temperature (~10°C) for one hour to stabilize aniline and to obtain homogenous

films;

2) Ammonium persulfate was used as an oxidant to form emeraldine base form of

polyaniline (Figure 18). A constant value of 2.85¢g of (NH,4),S,Ogdissolved in 62 mL of

deionized water was used throughout the experiments. The obtained solution was kept

with the previous solution at a constant temperature (=~10°C) for one hour;

After one hour, the two solutions were mixed together to form SPAN. In time, the
solution color changes from a transparent color (semiconducting emeraldine base form) to blue
color (conducting emeralsine salt form). The whole process can be repeated to obtain different

degree of sulfonation by using different concentrations of metanilic acid with respect to aniline.

SPAN can be deposited on top of different materials provided that the interaction
between the surface of the material and the SPAN leads to deposition of homogeneous SPAN
film on top of the material. In this work, the SPAN, which was prepared using three times the

concentration of metanillic acid with respect to aniline (3x0.2459:65 zL), was deposited on

top of <100> plane surface of n-Si with a doping level of 107" cm™(Figure 22). n-Si was
cleaned in a 1:1 of sulfuric and nitric acids (H,SO4:H,NO3) bath, followed by a 10 min ultrasonic

bath in distilled water. In the sequence, the samples were bathed in acetone, isopropanol and
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distilled water. Finally, the silicon oxide was removed immersing the sample during 20 s in a
1:10 HF:H,0 bath, where HF stands for hydrofluoric acid.

n-Si

SPAN

Figure 22: Schematic representation of deposition of SPAN on top of n-Si.

SPAN thickness

To calculate the thickness of a SPAN film, a surface profilometer was used. Initially, SPAN was
deposited on top of n-Si. Samples were removed at regular intervals from the beaker and the
amount of time n-Si was in contact with the SPAN solution was recorded. The average thickness

was measured by profilometer and was plotted with respect to the recorded time (Figure 23).
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Figure 23: SPAN thickness as a function of the amount of time (in hours) n-Si was in contact in the SPAN solution.

SPAN roughness

It was observed that the SPAN film layer is amorphous and the growth rate as well as its average
roughness (R,) increases with increase in concentration of metanillic acid. This phenomenon

was observed by using AFM images of the SPAN layer. The samples were prepared using the

following concentrations:
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> 1:1 ratio of metanillic acid and aniline;

> 3:1 ratio of metanillic acid and aniline;
» 5:1 rato of metanillic acid and aniline;

» 7:1 ratio of metanillic acid and aniline

After preparation with different concentrations, samples of n-Si were removed from the SPAN
solution on the third day to make a consistent comparison. AFM images showed the increase of
R, =19nm for 1:1 ratio to R, ~42nm for 7:1 ratio (Figure 24). Even though, the difference of
R, is very small after 3 days, but with time the difference could be large enough to make an

impact on the deposition process of SPAN on top of various materials Thickness dependence of
surface morphology and its influence on the charge carrier mobility in organic semiconductor
has been studied briefly before in [71].
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(A) 111 (R, ~19nm) (B) 31 (R, ~20nm)

D) 7:1(R, ~42
(C) 5:L(R, ~24nm) (D) 7:1(R, ~42nm)

Figure 24: AFM 2D images of 8 x8 nm? SPAN prepared using (A) 1:1 (B) 3:1 (C) 5:1 (D) 7:1 concentrations of

metanillic acid and aniline. The images were using the dynamic mode.
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SPAN sheet resistance

SPAN sheet resistance was performed using four-point probe method by depositing SPAN on
top of a glass (Figure 25). The probe configuration used here is the linear four point probe array.
In this method, two probes carry the current and other two probes measure the voltage by using a
high impedance voltmeter. Since the high impedance draws very little current the effects
introduced by probe resistance, probe contact resistance and spreading resistance is negligible.
The voltmeter reading is equal to the voltage drop across the SPAN sheet. The sheet resistance

R, can be calculated by

where V is the voltage reading from voltmeter and | is the current carried by two-current
carrying probes. The calculated sheet resistance of SPAN was found to be in the range of.1-6
MQ/ . For more detailed information on sheet resistance refer to chapter 4 of [72].

Figure 25: Schematic figure of a linear four-point probe technique used to measure SPAN sheet resistance on top of

a glass.
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How can a conducting polymer have such a high sheet resistance? To understand this one has to
look beyond Ohm’s law. It is entirely possible that the charge carrier paths in the SPAN film are
hindered due to the presence of impurity and defect scattering. Usually, scattering of carrier

decreases their mean-free path, which ultimately could lead to high R,. Additionally, as

discussed previously, the presence of substituents can also decrease the overlap of m-orbital
which reduces the delocalization of m-electrons. The reasons mentioned are very crude as at this

point there is no clear explanation for the high sheet resistance of SPAN.

To conclude, SPAN has the following properties:

> Itis a p-type conducting polymer;

> Its conductivity as well as its roughness depends upon the degree of sulfonation used in
preparing SPAN.

> It has a high sheet resistance;

. COT fabrication

To begin with, a 10"> cm™® phosphorus doped n-type <100> n-Si is used as a substrate. It was
cleaned using sulfuric and nitric acids (50:50), acetone and isopropanol were used to remove the
metallic and organic containments. After each bath, the substrate was rinsed in distilled water.
The oxide layer (insulating layer) present on top of the substrate was removed by dipping it into
a solution of 48 % hydrofluoric acid (HF) acid diluted in distilled water (1:10) for 20 seconds.

The absence of oxide layer makes the surface of the substrate hydrophobic.
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The next step is to deposit SPAN with thickness t by chemical polymerization on top of the
substrate. A 3:1 ratio of metanillic acid and aniline was used in this work. The n-Si substrates
were removed from the SPAN solution once it attained a desired thickness according to the
previously obtained recorded time. After drying the films, Al contacts (150 nm) were evaporated
as source (S) and control (CT) terminals at a base pressure of 5 x107° torr. This process was
monitored using quartz oscillator. The two contacts were separated by a channel length L. In
this configuration, the channel length L is kept always larger than the SPAN thickness t.
Finally, a Al:Ga eutectic alloy was applied on the Si backside to provide an ohmic contact

(interconnected materials have low resistivity) acting as drain (D), see Figure 26 [73].

/ \ SPAN
le— | —»

D act |
ohmic contact

Figure 26: Schematic representation of a controlled-channel-overflow transistor using Al contacts as source and

control-terminals and drain as n- Si [73].

It is important to note that both source and control terminals are made from the same material
and their role is determined by the electric potential applied to the terminals. As a result, if
desired, the roles of source and control-terminals can be interchanged. Compared to the vertical
organic field-effect transistors (VOFETS), the structure of this device is much simpler since it
does not involve an insulating layer. The elimination of this layer might reduce the production

cost, time and also remove the risk of high leakage current through the insulator, which is
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encountered in VOFET. Despite the absence of the insulator, the structure of this transistor is

similar to an OFET, though the principle of operation is completely different.

. Junction characteristics

As discussed previously, to have a breeding ground for space-charge transport in a conducting
polymer, it is essential to have an ohmic or quasi-ohmic contact between the injecting metal
electrode and the semiconductor. Therefore, it is important to begin by studying the density of
states of SPAN. An analysis using density functional theory (DFT) simulation of an isolated
molecule of SPAN at the B3LYP/3-21G(d) level of theory was done in [73]. It was found that
the LUMO and HOMO of SPAN tetramer are around 3.7eV and 5.12 eV, respectively. Note that
even though these values are obtained for SPAN tetramer, but we will apply these values of
HOMO and LUMO to the SPAN film. The obtained value of the HOMO value of SPAN matches
the value obtained previously with the ionization potential of SPAN [74]. In the latter case, the
HOMO value of SPAN was estimated by the Schottky energy barrier at the SPAN/n-Si interface,
which by using Richarson-Schottky equation was found to be ~1.0eV to the silicon electron

affinity (~ 4.1eV) [23]. It was also found by using DFT simulation that the density of states has

a group of four unoccupied electronic states very close to 3.65 eV, see Figure 27 [73]. These

unoccupied states can be filled by the electron injection from a low work function metal.
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Figure 27: Density of electronic states of SPAN tetramer as a function of the energy with respect to the vacuum
level. The average position of LUMO is at 3.7 eV below the vacuum level. HOMO is approximately at 5.12 eV.
Inset: ground state geometry of the SPAN tetramer [73].

We used Al and Au with work-functions of 4.3eV and 5.1eV [40, 75] to verify the presence of
the low energy tail of the empty states distribution in the SPAN. To confirm the above
assumption practically, we used a diode structure of Al(-)/SPAN/n-Si/Al(+) and Au(-)/SPAN/n-
Si/Al(+) devices. Using the current-voltage characteristics, the idea behind these devices is to
fabricate an electron-only device and observe which metal electrode is able to better transport
electrons giving higher currents in SPAN. Figure 28 compares the current-voltage characteristics
of both devices [73]. It is clear that the current values in the case of Al are much higher than the
Au. These results confirm that LUMO energy levels of SPAN are located around the work
function of Al. Ohmic injection at the SPAN/ Al interface was reported in [76]. However, in the
latter case, SPAN was prepared by electrochemical polymerization instead of chemical
polymerization. It is important to note that the electrons of Al, when injected into the SPAN, will
become minority carriers since SPAN is a p-type conducting polymer. All the devices were
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electrically characterized in the air and in the dark using an Agilent 4155C semiconductor

parameter analyzer.

00 05 10 15 20 25 3.0
V (V)

Figure 28: Electron only current of Al(-)/SPAN/n-Si/Al(+) and Au(-)/SPAN(+)/n-Si/Al(+) devices obtained in the
air and dark [73].

7. Results and Discussions

Principle of operation

To have a better understanding of all the peculiarities of the device operation, a simple model of
two parallel diodes is used here. After explaining this model, it will be compared to the measured
current-voltage characteristics of the device. In this way, it will be simple to understand the

mechanisms of the transport of charge carriers in the device.
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This device can be pictured as a parallel association of two reverse biased Schottky junctions
between (1) control-terminal and drain terminals (CT-D) and (2) source and drain terminals (S-

D). These two junctions are separated by the resistance of the SPAN layer (Figure 29). The
current along the SPAN film between S and CT is |_, , the current between CT and D diode
is |

or.p andthe current between S and D diode is 1 .

VT-S

CT s, CT S

SPAN I

SoCT

CT-D S-D

Figure 29: Schematic representation of a model with two parallel Schottky diodes between CT-D and S-D with its
respective currents.

Initially, when there is no electrical potential applied between the control-terminal and the source

terminals (Vo;_s = 0V) , it is expected that the currents |, ~|

o =1y, =0, since the contacts

have the same area and therefore as a result 1, = | + 1., =21, =0.If we consider

CT-D

two diode junctions (S-D and CT-D) as independent and non-interacting, then the application
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of V., should reduce the potential difference between terminals D and CT (V, -V, ). As a

S

consequence, the current | also decreases. Since | + | decrease in

CT-D D CT—>D S—D?

or_,p also reduces the total current | . After establishing this understanding, the same principle

of operation can be compared with the transistor characteristics of the devices.

Using the common-source output configuration, a configuration in which source terminal
as negatively biased (grounded) is common to positively biased control and drain terminals, see

Figure 30. The applied electrical potential difference between drain and source terminals is

givenby V

SPAN

D (Al:Ga)

Figure 30: Schematic representation of the COT in the common-source configuration.

Figure 31 represents the 1 (V ,_c) output characteristics of the COT in the common-source
mode. The first curve (black) shows the current |, at drain without the application of V. .

It can be seen that the current |, between source and drain terminals increases with increasing
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V, s when V_, . =0 V. Next, with the application of V., ( =0.1V, the current |, (red) not

D

only increases with increasing V, .,but is also modulated by V

cr.s - The current on-off ratio,

D-S1?

which defines how efficient the current | can be modulated by the application of V, at5Vv

CT-S?
is 1, (Vo =0.1V)/1 (V.
switching time of the device. Here, the low current on-off ratio is due to the high output current

I, when V. =0 V.Therefore, the current I, (\,

CT-S

=0V) = 1. Ideally, a high current on-off ratio is desired for fast

T-S T-S

=0V) is called as the leakage current.

D T-S

The lower the current 1, (V,,, =0V), the higher will be the current on-off ratio and the faster

TS
the device can switch from off-to-on state. The problem of this high leakage current could be
attributed to the energy location of the SPAN LUMO with respect to the silicon electron affinity.
Electrons injected from the Al into the SPAN are at higher energies and the barrier present at
SPAN/n-Si interface is not high enough to create an obstacle for these electrons. With the further

increase in V.

or_s» the output current |, modulates further.
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Figure 31: Characteristic curves I, (VD)Of the device (L = 45 gmand t = 200 nm) for different VCT_Sranging
from 0 to 0.5 V. Inset: Device structure with the corresponding axes taken from [73].
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Figure 32 shows the schematic energy diagram of COT. The principle of operation of COT can

be understood as follows: when V.., is applied, electrons from the source (Al) are injected into

the unoccupied electronic states of SPAN. Due to the high sheet resistance and low mobility
(discussed later) of SPAN film, charges will accumulate near the injecting contact. With small
thickness of the SPAN layer and due to electrostatic repulsion between the injected charge
carriers, electrons tends to spread along the SPAN layer in the direction perpendicular to the
Al/SPAN interface. Since the SPAN layer thickness t is smaller than the channel length L, the
amount of negative charges accumulated can fill the unoccupied electronic states and can be high
enough for the electrons to acquire a sufficient potential energy to overcome the Schottky energy
barrier at SPAN/n-Si interface. The electric field present at the Schottky barrier will then drift the
charge carriers to n-Si. It is important to note that charges get accumulated at both sides (1) near
the AI/SPAN injecting contact (due to low mobility of the conducting material) and (2) at
SPAN/n-Si interface (due to the presence of blocking contact).

i\

4.1 eV
n-Si

Schottky contact

Figure 32: Schematic energy diagram of COT.
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Contrary to the diode model, it is clear that the current |, increases with V_, .. There must be

some additional effect which is increasing the current | larger than the reduction of I, ..

Under these circumstances, both diodes show different current-voltage characteristics. The gain
comes from the fact that the current along the SPAN layer between source and control-terminals

I, . is small, due to the high sheet resistance of SPAN, than the | so that

S—D
(Iero + 1sp Mg o; > 1. This common-source current gain (/f)can be defined by the

relationship:

IB:(dID/dICT) (4.6)

To understand the physics behind the increase of |, under the application of a

positive V_, ., current-voltage characteristics in Figure 30 will be characterized into two

regimes namely SCLC and thermionic based on lower and higher electric field strengths.

SCLC regime

With the observation of a quasi-Ohmic contact at AI/SPAN interface, charge carries are injected
upon the application of V_, . and accumulated near the injecting contact. This charge
accumulation gives rise to SCLC phenomenon along the SPAN layer, which further limits the
charge carrier transport between Al electrodes and n-Si. Figure 33 shows the current-voltage
characteristics in the log-log scale with the angular coefficient of 2 (dark line). For

V.. <V, <1, the current | has a power-law dependence on V, . and almost does not

D-S

depend on V_, o . The 1, xVy ¢ characteristics in this regime can be described by Mott-
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Gurney’s law and mobility can be calculated by using the equation (2.21). Using the value of
SPAN thickness of t = 200 nm and fitting to the experimental data, the calculated mobility value
of electrons in the SPAN is z=2.2x10 " cm*V * S™. This results show that not only SPAN has
high sheet resistance but also has low electron mobility. Note that in this voltage range,

I, drops with increase in V., for a fixed V, . This is due to the fact that |,  _ decreases

with increasingV,, ., while | remains constant.

v A 4 > u o

Vbss (V)

Figure 33: log-log plot of the | > V,) data of Figure 30 for different Ve o in the range V,<1V. The continuous

line is a power-law fit to the experimental data with exponent 2 [73].

Thermionic regime

With increase in V , the quasi-Fermi level for electrons at the blocking contact of SPAN/n-Si

interface rises due to charge accumulation so that the effective barrier height at Schottky diode is
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lowered due to the Schottky effect. As a result, a significant density of electrons can overcome
the blocking contact and reach the silicon layer. This will drain the accumulation of carrier at the

Al/SPAN interface. Thus, the | xV_ characteristics reach a new regime where the current flow
is limited by the thermionic injection over the reduced barrier at SPAN/n-Si interface.

We performed an analysis of |, dependence on V,

cr_s Inthe range of V ¢ >1V to demonstrate

the presence of Schottky effect and the reason behind the increase of I, upon the application
of V,_,. Figure 33 shows the In[l D]><VD”2 (main plot) of the experimental data of Figure 30
for V., =0V and 0.5 V. Starting with analyzing the measured curves without the application

of V,_. (open circles). The linear curve fits the experimental data with an angular coefficient of
1.53. This value was compared to the theoretically calculated value of angular coefficient by

using (2-7) Ag, =[q&/4m [ where & is the electrical permittivity of n-Si. In the thermionic

& pand & are the electric fields in the n-Si at S-D and CT-D diodes, respectively. These

fields are related to the respective fields in the polymer layer by the ratio between SPAN and n-
Si dielectric constants or

S o = (8pol/gs) é:pOI and &op p = (gpol/gs) ngI (4.7)

S—D CT—-D

I, is the drain current at the transition between SCLC regime and thermionic regime each
crossing Schottky junction. If V., =0V, the electric field at the S-D and CT-D diodes is
equal. Assuming & =& =V, /t and using (4-7), we find that 1, = 21 expla, V]

whenV_, ; =0V, where coefficient ¢, is given by

a, :\/q5p0|/47zt (&,KT)’ (4.8)

67



Controlled-Overflow-Transistor

Taking t = 200 nm, & =3¢, =3.8¢,and T=300Kin (4-8), one gets a, = 1.606. This

small difference between the values of the angular coefficient obtained by the fitting in Figure 34
and the value calculated using (4.8) might be due to fact local electric field at the SPAN/n-Si
interface is different than the average value of electric field, estimated while calculating, along
the SPAN layer. This result suggested that the Schottky effect is the mechanism behind increase

of I, with V . The above theoretically calculated value of angular coefficient was

performed by Koehler et al. [73].
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Figure 34: In | versus V *?plot of Figure 42 for Vi, =0Vand05V in the range V, > 1V. The continuous

lines are straight lines fitting to the experimental data. Inset: The linear coefficient of the continuous lines in the
In 1 versus V" plot [73].

Figure 34 shows the dependence of |, with the application of V, One can see that curve

CT-S*

with V., =0.5Viis a straight line parallel to the line measured with V_, . =0V in the
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In[1,]x V% plot. Similarly the curves for other values of V., ¢ (0.1, 0.2, 0.3, and 0.4 V)

measured formed a family of straight lines parallel to the line obtained with V =0V (those

CT-S
curves are not shown in Figure 33 to preserve the plot’s clarity). The inset to Figure 33 shows the

linear coefficients of the straight lines (with angular coefficient equals to 1.53) that fit the

experimental data for different V_,

in the In [|D]><V;/_§ plot. The results in Figure 34 suggest

that the variation of Ip upon the application of V_, . comes from an additional Schottky effect

S

across the SPAN/Si diode due to the extra electric field created by the control voltage.

In the thermionic regime, V,  is considerably higher than V_, .. We thus model the

dependence of Ip on V_, . by assuming that the current between the source and drain is

enhanced by an additional component along the y-direction of the electric field (§cr - s) created

by the application of V., . Figure 35 shows the distribution of electric field lines in COT by the

application of V_, cand V .. The distribution of field lines (black) of the electric field created

CT-S
by V., ¢ is not only in the direction of CT and S electrodes (responsible for I . () in the X-
direction, but also connecting the metallic source to n-Si in the y — direction. This additional

component of V, in the y-direction is the reason behind the increase of |, upon the

CT-S

The electric field lines (red) created by the V
Al

7 / \ SPAN
y le— | —»!

application of V, . o_s IS iny-direction.

D et |
ohmic contact

Figure 35: Schematic figure of electric field lines in the colors blue and black produced by the voltages Vcr.s and
Vp.s, respectively. The additional effect in COT comes from the distribution of electric field lines produced by Vcr.s
in x as well as y-direction.
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. Current gain

It was observed that the resistance along the SPAN layer increases with increasing L and

decreasing t . This decrease in resistance can be understood from the relation, R = p(L/A). If t

is thin, the injected charge carriers along the SPAN layer are uniformly distributed, which could
reduce the accumulation of charges at the AI/SPAN interface. As SPAN thickness grows, charge
accumulation at the interface leads to SCLC followed by Schottky effect leading to higher gain.
However, if T increases too much, the resistance of the SPAN film in the direction perpendicular
to the SPAN/Nn-Si become too high. Therefore, transistor can be optimized by adjusting the ratio

between SPAN thickness to length of the gap between S and CT, t/L, in order to maximize the

ratio between charge density overcoming the barrier to charge flowing along the SPAN channel

Figure 36 shows the current gain plot at L=45,m and t=200nm at V, = 5V . Using

equation (6.1), the obtained current gain is:

S=(dl,/dlg)=+2077

Comparing the common-source gain values of the previously mentioned transistors in Table 3,

one finds the gain obtained here is almost 4-5 times higher than others.
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Figure 36: I, V,) device characteristic for (L = 45 gmandt = 200 nm) at V, =5V to calculate the
B = +2077 [73].

Table 5 below compares the common-emitter gain obtained with different L and t devices at

V, = 5V. Conditions where gain was not observed are indicated by




Controlled-Overflow-Transistor

Till this part, all the previously stated experiments results were published in [73]. Unfortunately,
we could not further investigate the device because the aniline that was used in preparing the
SPAN was finished. Newly synthesized aniline was used to repeat the experiments, but the

devices could not reproduce the results.

. Conclusions
Advantages
» Low production cost and less time consuming in fabrication since the deposition of

insulating layer is eliminated;

» This transistor produces a high common-source output current in the order of mA with

very low operating voltage;

» Shows high current gain depending upon the thickness of SPAN and the distance
between two Al electrodes. Table 6 below compares some of the current gains obtained

for different architectures of transistors

Transistors current gain references
Metal-base transistor 100 + 20 [49]
Metal-base transistor 8 [50]

Permeable-base 2 [51]
transistor
Polymer space- charge- 506 [52]
limited transistor
Controlled-overflow + 2077
transistor

Table 6: Comparisons of current gain achieved with different configurations of the transistors.
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» The transistor structure used here can also be applied to other organic and inorganic

materials;

Drawbacks

> One big challenge of this device is that it suffers from a high leakage current;

» Device performance depends upon the properties the chemical nature of SPAN. This is a
difficult to control since the SPAN properties depends upon many factors like the

monomers used and the preparation method,;

10.Future work

» To repeat the previous results with the application of new synthesized aniline and then to

further enhance the performance of the device;

> Leakage current may be controlled by forming a thin silicon oxide or by use different
combination of materials at the SPAN/n-type Si interface to form an effective injection

limiting barrier;

» To test the device with magnetic-field application;
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