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RESUMEN

La Electrénica Orgéanica ha experimentado un gran avance en las tltimas décadas, desde
que en los afos 70 se descubrieran los polimeros conductores. Las caracteristicas unicas
de los semiconductores organicos, han permitido el desarrollo de dispositivos
electronicos flexibles y con multiple funcionalidad, mediante técnicas de fabricacion a
temperatura ambiente y bajo coste. Uno de los campos en los que estos dispositivos
organicos han despertado mayor interés es el de su aplicacién como sensores.

En particular, los sensores basados en los denominados Transistores Organicos de
pelicula delgada (OTFT’s) han experimentado un gran desarrollo debido a sus multiples
ventajas, como simplicidad, elevada sensibilidad, y posibilidad de miniaturizacion.
Existen dos tipos principales de OTFT’s: Transistor Organicos de Efecto de Campo
(OFET) y Transistor Electroquimico Organico (OECT).

Los OECT’s constan de tres electrodos (surtidor, drenador y puerta), un semiconductor
orgénico (OSC), y un electrolito en contacto con el semiconductor. El funcionamiento de
los sensores basados en OECT’s se basa en la modulacién de la corriente del canal por
dopaje o de-dopaje electroquimico desde el electrolito, cuando se aplican tensiones de
puerta. Los OECT’s resultan especialmente adecuados como sensores quimicos debido a
su capacidad de operar en medios acuosos. En este trabajo, se han desarrollado OECT’s
basados en el OSC PEDOT:PSS mediante tecnologia Screen-printing. Los transistores se
han disefiado variando su geometria, pardmetro del que depende la sensibilidad del
sensor. Mediante la caracterizacion eléctrica de los OECT’s, se ha podido determinar la
geometria Optima en funcion del analito a detectar. Finalmente, se ha comprobado
experimentalmente la validez de estos OECT’s como sensores de cationes de diferentes
tamanos y de acido ascorbico, obteniéndose resultados muy satisfactorios.

Los OFET’s, se han preparado depositando el OSC sobre el dieléctrico y para obtener el
canal cuya corriente se modula con la tension aplicada al electrodo de puerta. En la
mayoria de los sensores basados en OFET’s, el semiconductor esta expuesto al analito.
Su funcionamiento se basa en la modificacion de la corriente del canal por dopaje o
captura de cargas en presencia del analito. En este trabajo, se han desarrollado OFET’s
basados en TIPS-Pentacene mediante las tecnologias Drop-casting y Spin-coating. Tras
establecer la mejor técnica de deposicién del semiconductor organico se han
caracterizado eléctricamente los OFET’s.

La caracterizacion eléctrica de estos transistores organicos es fundamental para
optimizar su uso como sensores quimicos. No obstante, las propiedades Unicas de los
OSC’s dificultan la caracterizacion eléctrica de estos dispositivos con los equipos
comerciales actuales, disefiados todos ellos para la caracterizacion de transistores de
Silicio. Para suplir esta necesidad, se ha disefiado un equipo para la caracterizacion de
transistores organicos, utilizando componentes comerciales de bajo coste y un software
desarrollado especificamente para la determinacion de los parametros caracteristicos de
OECT’s y OFET’s fijados en la norma estandar IEEE 1620-2008.






ABSTRACT

Organic Electronics has been extensively developed along these past decades, since the
discovery of conducting polymers in the 1970s. The unique features that these organic
semiconductors can offer have allowed the development of many electronic devices with
mechanical flexibility and multiple functionalities, using low-temperature and low-cost
fabrication technologies. These organic devices have attracted considerable interest for
their use in many fields, especially for sensing applications.

In particular, Organic Thin-Film Transistors (OTFTs) have paved the way towards the
fabrication of efficient sensors due to their many advantages, such as simplicity, high
sensitivity, and facile miniaturization. OTFTs can be classified into two types of
transistors: Organic Field Effect Transistors (OFET) and Organic Electrochemical
Transistors (OECT).

The essential components of an OECT are an organic semiconductor film, three
electrodes (source, drain and gate), and an electrolyte bridging the semiconductor and the
gate electrode. The operation of an OECT-based sensor lies on the modulation of the
channel current by electrochemical doping or de-doping from the electrolyte, when gate
voltages are applied. OECTSs have attracted considerable interest for their application as
chemical sensors due to their ability to operate in aqueous environments. In this work,
PEDOT: PSS-based OECTSs have been prepared by Screen-printing. The effect of the
geometry on the sensor sensitivity has been investigated by comparing OECTs with
different channel and gate areas ratio. The electrical characteristics of the OECTs have
been used to determine the geometry that optimizes their performance for sensing
different analytes. Finally, the use of these OECTs for the detection of cations and
ascorbic acid has been experimentally assessed, with satisfactory and promising results.

The OFET’s have been prepared by depositing the organic semiconductor on the
dielectric and thus obtain the chanel whose current is modulated by the voltage applied
to the gate electrode. In most of the OFET-based sensors, the semiconductor is exposed
to the analyte. Their operation is based on the modification of the channel current by
charge doping or trapping due to the analyte. In this work, OFETs based on TIPS-
pentacene have been prepared by Drop-casting and Spin-coating. The best technique for
deposition of this organic semiconductor has been initially identified. Then, the electrical
characteristics of these OFETSs have been determined.

The electrical characterization of these organic transistors is essential for their
optimization as chemical sensors. However, the unique properties of organic
semiconductors render difficult the electrical characterization of these transistors with
current commercial devices, since these have been all designed for characterizing Si-
based transistors. A device which allows for systematic characterization of organic
transistors has been designed therefore, using low-cost commercial components and a
software that has been specifically developed for the determination of the reporting
parameters for OFETs and OECTS, as specified in the IEEE 1620-2008 standard.






RESUM

La Electronica Organica ha experimentat un gran avang en les Gltimes decades, des que
en els anys 70 es descobrissin els polimers conductors. Les caracteristiques Uniques dels
semiconductors organics, han permeés el desenvolupament de dispositius electronics
flexibles i amb multiple funcionalitat, mitjancant tecniques de fabricaci6 a temperatura
ambient i baix cost. Un dels camps en qué aquests dispositius organics han despertat més
interés és el de la seva aplicacié com a sensors.

En particular, els sensors basats en els denominats Transistors Organics de pel-licula
prima (OTFT s) han experimentat un gran desenvolupament a causa dels seus multiples
avantatges, com simplicitat, elevada sensibilitat, i possibilitat de miniaturitzacié. Hi ha
dos tipus principals de OTFT s: Transistor Organics d'Efecte de Camp (OFET) i
Transistor Electroquimic Organic (OECT).

Els OECT's consten de tres eléctrodes (sortidor, drenador i porta), un semiconductor
organic (OSC), i un electrolit en contacte amb el semiconductor. EI funcionament dels
sensors basats en OECT’s es basa en la modulacié del corrent del canal per dopatge o de-
dopatge electroquimic des del electrolit, quan s'apliquen tensions de porta. Els OECT's
resulten especialment adequats com a sensors quimics per la seva capacitat d'operar en
mitjans aquosos. En aquest treball, s'han desenvolupat OECT's basats en el OSC PEDOT:
PSS mitjancant tecnologia Screen-printing. Els transistors s'han dissenyat variant la seua
geometria, parametre del qual depén la sensibilitat del sensor. Mitjancant la
caracteritzacio electrica dels OECT’s, s'ha pogut determinar la geometria optima en
funci6 de l'analit a detectar. Finalment, s'ha comprovat experimentalment la validesa
d'aquests OECT's com a sensors de cations de diferents mides i d'acid ascorbic, obtenint-
se resultats molt satisfactoris.

Els OFET’s, s'han preparat dipositant el OSC sobre el dieléctric per obtenir el canal i la
corrent es modula amb la tensio aplicada a I'eléctrode de porta. En la majoria dels sensors
basats en OFET’s, el semiconductor esta exposat al analit. EI seu funcionament es basa
en la modificacio del corrent del canal per dopatge o captura de carregues en presencia
de l'analit. En aquest treball, s'han desenvolupat OFET's basats en TIPS-Pentacene
mitjancant les tecnologies “Drop-casting” i “Spin-coating”. Després d'establir la millor
tecnica de deposicié del semiconductor organic s'han caracteritzat eléctricament els
OFET’s

La caracteritzacio eléctrica d'aquests transistors organics és fonamental per optimitzar el
seu Us com a sensors quimics. No obstant aixo, les propietats Uniques dels OSC's
dificulten la caracteritzacio electrica d'aquests dispositius amb els equips comercials
actuals, dissenyats tots ells per a la caracteritzacio de transistors de silici. Per suplir
aquesta necessitat, s'ha dissenyat un equip per a la caracteritzacio de transistors organics,
utilitzant components comercials de baix cost i un programari desenvolupat
especificament per a la determinacio dels parametres caracteristics de OECT's i OFET’s
fixats en la norma estandard IEEE 1620-2008
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En este capitulo se describe el estado del arte actual en el &rea de desarrollo de sensores
quimicos basados en Organic Thin-Film Transistors [OTFT] que han servido de base y
punto de partida de esta tesis, la cual se presenta en forma de articulos indexados en
revistas cientificas en el Capitulo 2. Al final de este Capitulo 1 se exponen los objetivos
que se han fijado al inicio de la tesis y que han determinado el trabajo desarrollado en

ella.






Introduccion y Objetivos

1. INTRODUCCION

Segun la Internacional Union of Pure Applied Chemistry (IUPAC) (1991) [1], un sensor
quimico es un dispositivo que transforma informacion quimica (desde la concentracion
de una muestra especifica hasta el analisis de la composicién total), en una sefal
analiticamente Gtil. En muchos casos, en un sensor quimico, la informacién quimica se
convierte en informacién eléctrica. Segin Wolfbeis [2], estos sensores deben ser
dispositivos de pequefio tamafio capaz de informar, continua y reversiblemente, de una
concentracion quimica.

El sensor consta de dos partes (figura 1.1), una es el receptor que reconoce el analito, otra
es el transductor que transforma la informacion quimica en informacion eléctrica.

e EIl receptor modifica sus propiedades al
interaccionar con el analito, y este cambio
afecta a la respuesta del transductor
variando su sefal eléctrica de salida. Los **
receptores usados normalmente en * ”
sensores quimicos utilizan capas finas que *

ANALITO TRANSDUCTOR

|

# SENAL

ELECTRICA

interacttan con el analito mediante I

mecanismos  tales como adsorcion, RECEPTOR
intercambio de iones y reacciones Fig. 1.1. Sensor Quimico.
quimicas.

e EIl transductor transforma la energia que lleva la informacion quimica de la
muestra en informacion util analiticamente. La sefial de salida del transductor
puede ser variaciones de corriente o de tension eléctrica.

La union del recetor y del transductor constituye el sensor que proporcionard la
informacidn deseada.

1.1. Sensores Quimicos Basados en Transistores Organicos

Hoy en dia, existe una gran demanda de analisis quimicos en diversos campos como los
diagnosticos médicos, la industria agroalimentaria, etc. En los ultimos afios, han
aparecido en el campo de la electrénica materiales organicos que permiten la fabricacion
de dispositivos de bajo coste para su aplicacion como sensores quimicos, los cuales
podrian cubrir una gran cantidad de necesidades demandadas.

El descubrimiento de la conduccion de los polimeros conjugados en la década de 1970
allané el camino para un nuevo tipo de electrénica basada en semiconductores organicos
en lugar de silicio, llamada electronica organica. La electronica organica es una rama de
la electronica que, a diferencia de la tecnologia tradicional del silicio, permite fabricar
dispositivos y circuitos electrénicos mediante procesos y materiales de bajo coste.
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Entre los diversos dispositivos electronicos organicos que se han desarrollado, destacan
los transistores organicos. El transistor, desde un punto de vista electronico, es la base
de la industria electrénica presente. La fabricacion de transistores siempre ha sido
compleja y tradicionalmente ha requerido costosos recursos. El desarrollo de los
transistores organicos ha abierto una gama de nuevas posibilidades debido a su
fabricacion relativamente facil y la amplia variedad de semiconductores orgéanicos que la
industria quimica puede ofrecer. Una de las aplicaciones més prometedoras de los
transistores organicos es su uUso Como Sensores.

En general, los transistores basados en silicio se pueden dividir en transistores bipolares
y transistores de efecto de campo [3]. El primer transistor de efecto de campo (Field Effect
Transistor, FET) fue patentado en 1930, y mas tarde, el primer metal-6xido-
semiconductor-FET (Metal-Oxide-Semiconductor-FET, MOSFET) fue disefiado en
1960. En 1987, [4] inform0 del primer transistor de efecto de campo organico (Organic
Field Effect Transistor, OFET) basado en un polimero de tiofeno. Hoy en dia, la mayoria
de los OFETS se construyen como transistores de pelicula delgada (Thin-Film Transistor,
TFT) que permiten la miniaturizacion de su disefio. Estos transistores se conocen como
transistores de pelicula delgada organicos (Organic Thin-Film Transistor, OTFT). Al
igual que su equivalente TFT basado en silicio, el OTFT es un dispositivo eléctrico de
tres terminales con una arquitectura similar. La puerta esta conectada al sustrato, que
generalmente es de silicio oxidado térmicamente. La capa activa (polimero
semiconductor o semiconductor organico) se deposita encima de la capa aislante que
cubre la puerta. La fuente y el drenador estan conectados en lados opuestos de la capa
activa, formando el canal (figura 1.2).

ORGANIC SEMICONDUCTOR

£

SUBSTRATE

GATE |

Fig. 1.2. Estructura de un OTFT.

Cuando se aplica una tension (Vps) entre el drenador (Drain) y el surtidor (Source) del
transistor, fluye una corriente eléctrica (Ios) entre estos dos electrodos mediante el
transporte de portadores de carga. Esta corriente esta modulada por el campo eléctrico
(Ves) aplicado al semiconductor organico a través del tercer electrodo de puerta (Gate).
En los semiconductores organicos, los portadores de carga pueden ser electrones (carga
negativa/tipo n), huecos (sin electrones, carga positiva/tipo p) o ambos (bipolar).

Dependiendo del mecanismo utilizado para lograr la modulacion las OTFT pueden
clasificarse en dos tipos principales [3]: Transistores de Efecto de Campo Organico
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(OFET) y Transistores Electroquimicos Organicos (Organic Electrochemical Transistor,

OECT).

BOTTOM CONTACT

TOP CONTACT

Transistor de Efecto de Campo Organico (OFET). Como TFT, los OFETSs se
componen de tres electrodos (fuente, drenador y puerta), un semiconductor
organico y un dieléctrico (entre la puerta y la capa activa). Se pueden distinguir
cuatro estructuras OFET basicas (figura 1.3), dependiendo de la posicion de los
electrodos de puerta y surtidor/drenador:

a) contacto inferior/puerta inferior.

b) contacto inferior/puerta superior.
C) contacto superior/puerta inferior.
d) contacto superior/puerta superior.

En la mayoria de los OFETSs utilizados en aplicaciones de sensores, la capa de
semiconductor activa estd expuesta al analito que causa la modulacion de la
corriente por dopaje de carga o atrapamiento. Por lo tanto, los sensores basados
en OFETs generalmente se disefian con configuraciones BOTTOM GATE
(puerta inferior) o TOP GATE (puerta superior).

BOTTOM GATE TOP GATE

ORGANIC SEMICONDUCTOR \ GATE ‘
~ DIELECTRIC

DIELECTRIC ORGANIC SEMICONDUCTOR

GATE

SUBSTRATE SUBSTRATE

DRAIN SOURCE
‘ GATE ‘

m DIELECTRIC

ORGANIC SEMICONDUCTOR

ORGANIC SEMICONDUCTOR

DIELECTRIC

GATE

SUBSTRATE SUBSTRATE

Fig. 1.3. Diferentes arquitecturas de transistor OFET.

Transistor Electroquimico Orgénico (OECT). En estos transistores, se usa un
medio electrolitico en lugar de un dieléctrico entre la puerta y el semiconductor
organico (figura 1.4). Los OECTs también se pueden considerar OFETs que
operan al inducir una reaccién de reduccion u oxidacion, que produce cambios
en el valor de la corriente que va del drenador al surtidor, cuando se aplica una



Introduccion y Objetivos

tension de entre la puerta y el surtidor. Los OECTs pueden funcionar como
celdas electroquimicas de tres terminales en las que los electrodos de surtidor,
drenador y puerta desempefian las funciones del electrodo de trabajo, el contra-
electrodo y el electrodo de referencia, respectivamente.

GATE

ELECTRO CONDUCTIVE POLYMER

SOURCE

SUBSTRATE

Fig. 1.4. Arquitectura de transistor
OECT.

En base a estos dos tipos principales de OTFT, han surgido otros tipos mas
especificos de OTFT: OFET con electrolito (EGOFET), OFET sensibles a lon
(ISOFET), FET higroscopico-aislante (HIFET) y FET con carga organica
(OCMFET)

Transistor de Efecto de Campo Organico con Proteccion Electrolitica
(EGOFET). Como en los OECTs convencionales, en estos transistores, la
compuerta esta separada del semiconductor organico por un electrolito (solido o
liquido) (figura 1.5). Debido a la generacion de una doble capa eléctrica en la
interfaz del semiconductor electrolito-organico, los EGOFETSs presentan una
capacidad muy alta que permite la operacion de bajo voltaje.

ORGANIC SEMICONDUCTOR

SUBSTRATE

Fig. 1.5. Arquitectura de transistor EGOFET.

Transistor de Efecto de Campo Higroscopico-aislante (HIFET). Este
dispositivo tiene la capacidad de aprovechar la humedad ambiental mediante el
uso de un dieléctrico de puerta higroscopico que permite que los iones se muevan
libremente a través de él. Estos iones pueden interactuar electroquimicamente
y/o electrostaticamente con el semiconductor en la interfaz dieléctrica-
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semiconductora. Esto, a su vez, da como resultado la modulacion actual a través
del semiconductor, variando Vas.

V. Transistor de Efecto de Campo Organico Sensible a los lones (ISOFET). La
estructura de estos dispositivos es muy similar a la de los EGOFETS; pero los
ISOFETs también tienen una capa dieléctrica que aisla el electrolito del
semiconductor (figura 1.6). Esta estructura permite evitar la degradacién del
semiconductor.

—

DIELECTRIC

ORGANIC SEMICONDUCTOR
SOURCE

SUBSTRATE

Fig. 1.6. Arquitectura de transistor
ISOFET.

VI. Transistor de Efecto de Campo Modulados por Carga Organica
(OCMFET). La arquitectura de OCMFET se basa en la configuracion de
ISOFET. La diferencia radica en el uso de dos electrodos puerta. Uno de ellos,
Ilamado Control Capacitor o Reference Gate, polariza el dispositivo. El otro,
Ilamado Floating Gate, esta conectado al area de deteccion (Sensing Area), sobre
la cual se acumula la carga en funcion de la cantidad de analito (figura 1.7).

ORGANIC SEMICONDUCTOR
SOURCE CONTROL CAPACITOR

DIELECTRIC

FLOATING GATE

SUBSTRATE

Fig. 1.7. Arquitectura de transistor OCMFET.

Todos estos transistores organicos se pueden usar como sensores de iones. Para ello, se
requiere que un componente del dispositivo tenga sensibilidad y selectividad hacia un
determinado analito. En los Gltimos afios, se han investigado los OFETs como sensores
de iones debido a la variacion en la conductividad de algunos semiconductores organicos
frente a ciertos iones. Por otro lado, los OECTs también han atraido una atencién
considerable para las aplicaciones de sensores de iones desde la década de 1980. Estos
sensores operan haciendo uso de los cambios de conductividad experimentados por el
semiconductor organico, ya sea debido a su oxidacién/reduccion o a cambios en su
configuracion que ocurren en presencia del analito. En ocasiones, la funcionalidad
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quimica de un componente de estos dispositivos electrénicos organicos es necesaria para
Su uso como sensores de iones. La adaptacion quimica para lograr propiedades especificas
puede aplicarse no solo al semiconductor, sino también a las capas metalicas y aislantes.
El alma de esta tesis se centra en el disefio y caracterizacion de OECT’s para su utilizacion
en la deteccion de iones quimicamente relevantes en medio acuoso y la fabricaciéon y
caracterizacion de OFET’s para la deteccién de gases.

1.2.Semiconductores Organicos Utilizados en la Fabricacion de los
Transistores

Los semiconductores organicos (OSC) son moléculas pequefias o polimeros conjugados
(figura 1.8), debido a la alternancia de enlaces carbono-carbono simples y dobles en la
molécula o en la cadena principal del polimero. Los dobles enlaces se forman cuando los
atomos de carbono se enlazan a través de sus orbitales hibridos sp?, generando enlaces
covalentes ¢ en un plano, y dejando fuera del plano a los orbitales 2p no hibridos. El
solapamiento de orbitales 2p de carbonos adyacentes puede formar orbitales m muy
deslocalizados. Los orbitales m ocupados (HOMO) son equivalentes a la banda de
valencia de un semiconductor inorganico, mientras que los orbitales n~ vacios (LUMO)
son analogos a la banda de conduccion. En los semiconductores organicos, el transporte
de carga entre moléculas requiere un solapamiento adecuado de los orbitales m de
moléculas adyacentes. Su conductividad eléctrica se debe al movimiento de los
portadores de carga en estas uniones conjugadas 7, que pueden ser de dos tipos: electrones
y huecos.

mt bond

aag\)i:i@ D
e e o bondso o bonds

http://www.chemtube3d.com/orbitalsethene.htm Tt bond

Fig. 1.8. Moléculas Conjugadas.

La conductividad eléctrica de los semiconductores organicos puede modificarse
introduciendo impurezas. El proceso de adicion de impurezas a un semiconductor
intrinseco (puro) se denomina dopaje. Las sustancias dopantes mas adecuadas dependen
en cada caso, de las propiedades atomicas tanto del semiconductor como del dopante. En
general, las sustancias dopantes se clasifican como aceptores o donantes de electrones.
Los semiconductores dopados con sustancias dopantes donantes de electrones se
denominan de tipo-n, puesto que en estos materiales el transporte de carga principal es
de electrones. Por otra parte, los semiconductores dopados con sustancias aceptores de
electrones se denominan de tipo-p, ya que el transporte de carga es principalmente de
huecos.
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Los semiconductores méas destacados son [5]:

e Trans-poliacetileno (TPA) fue uno de los primeros polimeros semiconductores
en ser utilizado, mediante un dopaje quimico tipo-p, que mejord su
comportamiento incrementando la conductividad en un factor de 108,

e Polipirroles y Polianilinas son dos familias de semiconductores, ampliamente
investigadas, que junto con el poliacetileno se pueden encontrar de forma natural
en algunas melaninas.

e Poli-p-fenileno (PPP) y Poli-p-fenileno vinileno (PPV) ambos polimeros son
electroluminiscentes, por lo que se utilizan como emisores de luz organicos. A
diferencia de otros polimeros, el PPV es fécil de procesar en peliculas delgadas
altamente ordenadas, mejorando la conductividad.

e Politiofenos. Esta familia de polimeros, ademéas de presentar una muy buena
conductividad eléctrica, también presenta propiedades crémicas, es decir,
cambian de color como respuesta a un cambio de estado en una reaccion redox,
un cambio de potencial o temperatura.

e Pentaceno. Los acenos, o poliacenos son hidrocarburos aromaticos policiclicos
formados por anillos de benceno unidos entre si de forma lineal. Sus
representantes de mayor tamafio tienen un potencial en los campos de la quimica
y la ingenieria electronica. El pentaceno ha sido incorporado a los transistores
organicos de efecto de campo ampliamente.

En la fabricacion de los transistores organicos objeto de la presente tesis se han utilizado
el PEDOT:PSSy el TIPS-PENTACENE.

a) PEDOT:PSS

El polimero semiconductor elegido para la fabricacion de los OECTs objeto de estudio
de esta tesis, ha sido el PEDOT:PSS (poli(3,4-etilendioxitiofeno)-poli(estireno
sulfonato)). EI PEDOT:PSS esta formado a partir de un semiconductor intrinseco de
politiofeno (PEDOT) cargado positivamente, dopado con un polimero de poliestireno
acido sulfénico (PSS) con iones sulfonato cargados negativamente (figural.9). EI PSS se
afade en exceso, de tal forma que una parte de los aniones sulfonato quedan
descompensados, obteniéndose un semiconductor dopado de tipo-p. Ademas de actuar
como dopante, el PSS sirve como contraidn para estabilizar las suspensiones acuosas, ya
que el PEDOT por si mismo es insoluble.

Actualmente, existen varias empresas que comercializan PEDOT: PSS en diferentes
formatos que se adaptan a los distintos métodos de fabricacion (ink-jet, screen-printed,
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spray, etc). Este semiconductor se

x caracteriza por su alta conductividad,
" excelente estabilidad térmica, buena

HAININAIN estabilidad en medio acuoso en un
X S A K li de pH, facil
SO3~ SO3H SO3H SO3H SO;~ amp 10 rango € p ! acl
procesabilidad y biocompatibilidad;
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0 q o 4 O fabricacion de transistores organicos,
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en particular de tipo OECT.
Fig.1.9. Estructura quimica del PEDOT: PSS.

Algunas aplicaciones del PEDOT:PSS como sensor quimico se han reportado en relacién
a la deteccion de iones como Ca?* [6], K* [7], Ag* [8], iones metalicos [9], y algunas
moléculas como la Glucosa [10].

b) TIPS-PENTACENE

Para la fabricacion de los OFETs objeto de estudio de esta tesis, se ha elegido como
componente organico electronico el 6,13-bis-(triisopropilsililetinil) Pentacene) también
conocido como TIPS-pentacene, cuya estructura molecular se muestra en la figura 1.10.
El TIPS-Pentacene se usa ampliamente como una molécula pequefia de alto rendimiento
para aplicaciones OFET, con una movilidad superior a 1 cm?(V-s)™*. Tiene una excelente
solubilidad en una gama de disolventes organicos comunes y una buena estabilidad
ambiental, lo que facilita su procesamiento en dispositivos.

~ Al tratarse de un solido, es necesario disolverlo utilizando
-5 alguno de los disolventes recomendados. Esta disolucion
Il
se deposita mediante diferentes técnicas y forma una fina
OOOGO pelicula semiconductora cuya conductividad varia en
I presencia de gases, siendo esta caracteristica la que lo
s convierte en sensor.
A

Algunas aplicaciones del pentaceno como sensor quimico

Fig. 1.10. Estructura quimica  ge han reportado para la determinacién de pH [11].
del Tip_PENTACENE.

1.3. Funcionamiento y Estructura Basica de un OECT

En un OECT, la conductividad del polimero semiconductor PEDOT:PSS se puede
modular por oxidacion-reduccion. Mientras que su estado oxidado (PEDOTY) es
altamente conductor (estado dopado), su forma neutra PEDOT? es menos conductora
(estado de-dopado). El paso entre ambos estados se puede producir al afiadir un analito,
M*y aplicar un potencial que favorezca la siguiente reaccion redox del PEDOT:PSS:

10
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Reduccién (de-dopaje)

PEDOT":PSS'+ M™+e™ PEDOT® + M*:PSS°

Oxidacion (dopaje)

Conductor (PEDOT*) —— Semiconductor neutral (PEDOT)
Color transparente <«—— Color azul oscuro

Para explicar este modo de funcionamiento electroquimico de un OECT, se considerara
la celda mostrada en la figura 1.11, que consta de dos electrodos de PEDOT:PSS en
contacto con un electrolito que contiene el analito, M*. Al aplicar una diferencia de
potencial entre los dos electrodos, el anodo de PEDOT? se polariza positivamente al
perder electrones que son atraidos hacia la fuente (terminal positivo de la pila), por lo que
los cationes del analito M* son repelidos y migran hacia el electrolito en direccién al
catodo. En el catodo, la corriente idnica se convierte en corriente eléctricay el PEDOT™
se reduce a PEDOT?, produciéndose el efecto contrario al del anodo. En definitiva, la
corriente eléctrica que llega al PEDOT:PSS se convierte en una corriente idnica, que se
transporta por el electrolito hasta el otro electrodo, donde se produce la reaccién inversa,
completando el proceso redox.

electrolyte
M+ — M M+
e I
s
PEDOT:PSS" + M*+ e-— PEDOT’ + M“PSS§ PEDOT® + M*:P§$ — PEDOT":PSS + M*+ e
Reduction Oxidation
(de-doping) | (doping)
|
L
REDOX IONIC REDOX
| |
- V I+

Fig. 1.11. Circuito electroquimico (estructura 2). [12]

Si se modifica la estructura (figura 1.12, llamada estructura 1) y se deposita sobre ambos
electrodos un film homogéneo formando un canal, al cubrirlo con el electrolito y aplicar
un potencial, se generara un gradiente electroquimico a lo largo del film semiconductor,
y otro entre el film y el electrolito.

11
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electrolyte
M+ yt M‘l'
M-I-
— t
e- ¥ h* e h* | ht e
—_— -+ e -— -— —
PEDOTO+ M+PSS- PEDOT* PSS+ M* + e
Reduction (de-doping) Oxidation{doping)
Deep blue colored | I
"
REDOX 10NIC REDOX
|
|
- V +

Fig. 1.12. Circuito electroquimico y electrdnico (estructura 1). [12]

Se podria decir que hay dos vias paralelas para los portadores de carga: por una parte, a
través del electrolito mediante una reaccion redox del analito con el PEDOT: PSS, hasta
que el potencial electroquimico sea uniforme y se alcance el equilibrio. Paralelamente, en
el interior del film se formard un gradiente de concentracién de portadores de carga.
Cuando la reaccién redox con el analito alcance el equilibrio electroquimico, solo habra
un transporte de cargas entre el &nodo y el catodo en el interior del film. Si se varia el
potencial de polarizacién aplicado entre los electrodos (Vps) se puede observar que, a
partir de un determinado valor, la corriente se mantiene constante, aunque se siga
incrementando el potencial Vps. En ese momento, el transistor entra en la zona de
saturacion, de forma analoga a lo que ocurre con los transistores de efecto campo
(MOSFET) basados en silicio.

Basandose en las dos estructuras anteriores, se obtiene el disefio un transistor
electroquimico OECT. Como se muestra en la figura 1.13, los OECTs son dispositivos
de tres terminales: la puerta (G), el drenador (D) y el surtidor (S). Tanto la puerta como
el canal que une el surtidor con el drenador estan fabricados con PEDOT:PSS.

S.tructure 2

Vo6
; Structure 1
I's D Vo Electrolyte
PEDOT.PSS Organic Semiconductor E
Electrolyte

Fig. 1.13. Estructura de un OECT con PEDOT:PSS. [12] y [13]
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1.3.1. Caracteristicas Ips-Vps

La caracteristicas de salida Ips-Vps de un OECT se muestran en la figura 1.14. En el
primer cuadrante (Vps>0, Ips>0), el transistor se comporta linealmente cuando Ves=0.
Si esta tension Ves aumenta, el canal se reduce, por lo que la impedancia aumenta y la
corriente disminuye. Por otra parte, para una misma Vaes, si la tensién Vps aumenta, la
corriente también aumenta, comportandose como una resistencia.

250|.| T T T T T T P
1 Vg=ov &
200']- - V=02V £ -
1500 Vg=0.4v oy
| b Vg=0.6V
1000 | f--- Vg=0.8V g
= i — vg=1.0V '
5 50p -
—n 7
0 p——
T A —
Aoop- T
o ,/';
“150p =

T T T T T T T
-1,00 -0,75 -0,60 -0,256 0,00 0,26 0,50 0,75 1,00
v, (V)

Fig. 1.14. Caracteristica de salida del OECT de PEDOT:PSS. [12]
En la figura. 1.15 se muestra el proceso dinamico en esta region ohmica, en esta situacion

los iones y cationes de la disolucion no interactuan con el PEDOT:PSS y la corriente del
canal varia tal como se ha explicado en el parrafo anterior.

NG
®
®®®®
ST AT
©

TR et e = Foats

Fig. 1.15. OECT sin polarizacion de puerta. La corriente se determina por la conductividad
intrinseca el semiconductor organico. [13]

En el primer cuadrante, se pueden identificar dos tipos de regimenes de trabajo. El
primero se da cuando |Vps| <|Ves- V1|. En este régimen, el comportamiento del transistor
viene descrito por la siguiente ecuacion:

_vps
I =G[1—VGSV—TZ Vps (1)

Donde la G es la conductancia del OECT (que depende de su movilidad, el ancho, el largo
y la profundidad del canal) y siendo V' la tension de pinch-off.
El otro régimen ocurre cuando |Vps| >|Ves- V1|, para el cual se cumple:

V
Ip=G [VDS —ﬁ] (2)

13
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En el tercer cuadrante (Vps<O0y 1p<0), las curvas obtenidas son las correspondientes a
un transistor de tipo MOSFET. En esta zona, también hay dos tipos de comportamiento
del transistor. Aplicando una tension Ves>0, se produce el de-dopaje: los cationes del
electrolito interactuan con el semiconductor, de forma que cada cation produce un de-
dopaje de PEDOT:PSS pasando a ser una molécula neutra (figura 1.16).

¢

: -
Z-eL® L O®E §I

N FSerElEeer

@ Cations —| Fixed Dopant Anions

(=) Anions Holes

Fig.1.16. OECT cuando se polariza la puerta la corriente es determinada por el dopado/de-dopado
del semiconductor orgénico. [13]

Al igual que en los MOSFETS, el OECT se comporta en saturacion cuando se cumple
que | Vos|> | Ves-Vr|, siendo la tension de drenador minima para estar en saturacion:
Vps* = Ves-VT. Dependiendo de la longitud del canal, puede haber o no una variacion
de la Io més alla de la saturacion. En canales largos, la region de deplexion no variara
apreciablemente con Vs, y la Io se mantendra constante. Si el canal es suficientemente
corto para que la zona de deplexién se amplie con la Vs, la corriente Ip en saturacién
continuara aumentando. Para una tension Vos < Vos™, el OECT se encuentra en zona
ohmica, y la Io responde a la siguiente ecuacion:

t2
_GVEys
2Vy

Ip = 3
Es en este tercer cuadrante donde el OECT se utiliza como sensor, por tener en este
caudrante el comportamiento de un transistor, es decir de un amplificador.

1.3.2. Tipos de OECTs

Los OECTs basados en PEDOT:PSS pueden operar de dos formas distintas: como
convertidores de ion a electrén o como sensores electroquimicos [14]

a) Convertidores de ion a electron.

En el caso de convertidores de ion a electron, la aplicacion de una tension de puerta
positiva induce una corriente ionica transitoria en el electrolito. Los cationes del
electrolito se introducen en el polimero conductor y lo de-dopan (figura 1.17),
produciéndose una disminucion de Ip. Por tanto, en este caso, el OECT convierte una
corriente idnica transitoria en un cambio de Ip.

14
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Vo
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Fig. 1.17. Esquema del OECT con la distribucion de cargas en el electrolito después de la
aplicacion de una tension de puerta positiva [14].

La figura 1.18 explica la distribucion de potenciales en un OECT de este tipo, asumiendo
que el canal es el potencial de referencia (siempre que Vs sea mas pequefia que Ves).

Potential

A

Vg -

Gate

Electrolyte

Channel

0 4

Fig. 1.18. Distribucién de potenciales en el OECT.

El potencial del electrolito estd determinado por las capacidades asociadas con la
formacion de la doble capa en la puerta. Asi su valor sera:

VGS

c.nA
1+ ch‘ich
Cglg

Vsor = (4)

Donde C es la capacidad por unidad de area, A es el area, y los subindices ch y g se
refieren al canal y a la puerta, respectivamente.

Esta ecuacion se cumplira siempre que el material de la puerta y el canal sean
polarizables. Con puertas de Platino u Oro es bastante aproximada, pero no lo es tanto
con puertas de PEDOT:PSS, porque los iones penetran en el polimero de-dopandolo. Si
se asume ademas que las capacidades del canal y la puerta son parecidas, el potencial del
electrolito solo dependera de la relacion entre las areas de canal y puerta (Y = Ach/Ag).

Cuanto mayor sea el area de puerta (Y menor), mas se aproxima el potencial del
electrolito al potencial de la puerta (figura 1.19). Esto conlleva una caida de potencial
considerable entre el electrolito y el canal, lo que a su vez provoca una fuerte modulacién
de la corriente del canal Ip (figura 1.20).
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Potential
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Fig. 1.19. Distribucion de potenciales V(v
bs(V)

en el OECT para puertas con areas

mayores que areas de canal. Fig. 1.20. Modulacion de corriente de canal con areas

de puerta grandes (Y'<1) .

Hay que destacar que si se usase un electrodo de puerta no polarizable (como Ag/AgCl),
no habria caida de potencial entre el electrolito y la puerta (independientemente de la
relacion de éreas), lo que provocaria una situacion similar a la de utilizar un electrodo de
puerta polarizable con area de puerta grande.

La corriente de canal en este estado puede expresarse por la siguiente ecuacion:

Ips = ~G et g
ps = 2vy

En el caso de que el area de puerta fuese menor que el area de canal (Y >1), el potencial
del electrolito estaria mas proximo al potencial del canal (figura 1.21). En este caso la
modulacion de corriente es muy debil (figura 1.22).

Potential

0,0 4

7~

-5,0x10” 4

1, (A)

4 TV from OV up to 0.8V
-1,0x10 0

T T T
-1,0 05 0,0

b Vv, (V)
—-Fig]. 1.22. Modulacién de corriente de canal
con &reas de puerta pequefias (Y'>1) [14].
menores que areas de canal.

En la figura 1.23 se muestra la la variacion de la corriente de canal en funcion de la tension
de puerta y de la relacion de areas de puerta/canal. Se observa una fuerte variacion de la
corriente en el caso Y < 1, es decir un area de puerta mucho mayor que el area de canal.
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Ach/Ag = 100

Ach/Ag=1

Bk

Ach/Ag =001

0 02 04 06 0.8 1 12
\"g )

Fig. 1.23. Funcion de transferencia segun Y (0.01, 1y 100).

En conclusion, para convertidores de idn a electron, la primera regla de disefio es que el
electrodo de puerta sea mucho mas grande que el canal o que se utilice un electrodo
de puerta no-polarizable.

b) Sensores electroquimicos.

En este caso las reacciones de transferencia de carga entre las especies en el electrolito y
el electrodo de puerta, cambian el potencial del electrolito lo que provoca un cambio en
la corriente de canal. En este tipo de transistores la puerta es como un electrodo de trabajo,
que mantiene constante el potencial. La transferencia de carga entre el analito y la puerta
esta relacionada por la siguiente ecuacion:

kT
Vanatito = EIH[C] + cte (6)

Donde K es la constante de Boltzmann, T es la temperatura, e es la carga fundamental, C
la concentracion del analito y la constante (cte) engloba a otros potenciales.

Potential
A

Vg -

Gate

\
\ Electrolyte

0 Channel

Fig. 1.24. Distribucion de potenciales en el
OECT al introducir el analito en la disolucién.

El potencial del electrolito se incrementa en presencia del analito; es decir, la adicion de
analito provoca una disminucion de la caida de potencial puerta/electrolito, y el
consiguiente aumento de la caida de potencial de la interface electrolito/canal. Como
resultado, la corriente Ips varia con la concentracion del analito (figura 1.24).
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Si se considera un OECT donde se aplican tensiones de puerta lo suficientemente
pequefias como para prevenir la electrolisis del agua, en ausencia de analito, no hay
transferencia de carga entre el electrolito y el electrodo de puerta (régimen no faradico).
En este caso, el potencial del electrolito viene determinado por las capacidades de la doble
capa entre la puerta y el canal:

VGS VGS
Ve = = 7
sol 1+CchAch 1+Y ()
Cglg

No obstante, al afiadir el analito, los electrones fluyen hacia el electrodo de puerta, y la
caida de potencial entre la puerta y el electrolito decrece, como se ha comentado
anteriormente. Esta contribucion faradica viene descrita por la ecuacion de Nernst. Dado
que el potencial de puerta permanece constante, el potencial del electrolito pasa a ser:

VGS
1+vy

kT
Veor = + Eln[c] + cte (8)

Se asume con esta ecuacion que el electrolito estd tamponado (la concentracion de
protones es constante). ElI primer término representa la contribucion no-faradica y
depende sélo de la Vesy la relacion Y, mientras que el segundo término representa la
contribucion faradica descrita por la ecuacion de Nernst.

La corriente que fluye por el canal para una tension concreta Vps depende so6lo del
potencial del electrolito [15] y viene dada por la expresion:

Vsor | Vbs
I =—G(1— = +—)V 9)
DS VT ZVT DS
Potential
1 Gate
Vg -

0 \ Channel

Fig. 1.25. Distribucién del potencial en OECT
con electrolito tamponado y sin analito
(régimen no-faradico, linea continua) y con
analito (régimen faradico, linea discontinua).

Tal como se ha comentado anteriormente, en el caso de un OECT en régimen no-faradico
(simplemente tamponado), el potencial del electrolito esta préximo al potencial del canal
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(figura 1.25). En ese caso, hay una modulacion de corriente muy débil. Pero si se afiade
el analito, el potencial del electrolito se incrementa hasta aproximarse al potencial de
puerta. En ese caso, la adicion del analito provoca una gran modulacién de la corriente de
canal. Esto implica que interesa un potencial de electrolito base (s6lo tamponado) lo mas
proximo al potencial del canal, y esto sélo se consigue con una Y alta, es decir con un
area de puerta pequefia.

De todo lo anterior se puede concluir que para OECTs que trabajan como sensores
electroquimicos interesa un area de puerta menor que el area de canal (Y>1), ya que
esta geometria aumenta la sensibilidad [16].

En el caso de la corriente de puerta ex10° s
les, esta resulta de los efectos (b)
capacitivos y/o de reacciones redox.
Puede ser usada como indicio del tipo <,
de operacion que se esta produciendo ol
en el OECT. En la figura 1.26 se :
muestra el efecto sobre la corriente de
puerta de un régimen faradico y no
farédico. En el régimen farédico se _ :

. Fig. 1.26. Respuesta de la corriente de puerta frente a
produce una corriente de puerta distintos procesos [17]
debido a los procesos redox que se
producen en ella, mientras que en el régimen no-faradico no hay corriente por la puerta
ya que se comporta como un condensador. El tipo de régimen viene determinado por el
material de puerta, que puede ser polarizable o no polarizable dando lugar a un régimen
u otro.

Faradic Process

. Non-Faradic Process
0.0 0.1 02 0.3 04 0.5

Vo (V)

1.4. Funcionamiento y Estructura Basica de un OFET

Los OFET’s, son otro tipo de transistores organicos; segun la revision publicada de L.
Torsi [18] constituyen otros de los nuevos dispositivos desarrollados en el marco de la
tecnologia electronica organica [19]. Los materiales tipicos para su fabricacion incluyen
polimeros como el poli-(3-hexil-tiofeno) (P3HT) y la trifenilamina alquil-sustituida
(PTAA), y oligbmeros como el pentaceno y sus derivados solubles [20]. La estructura
tipica de un OFET se puede apreciar en la figura 1.27, el sustrato suele ser de SiO2 sobre
el que se deposita mediante distintas técnicas el material de puerta (normalmente Au),
sobre la puerta se dispone el material aislante que también suele ser un dieléctrico
organico y sobre este el semiconductor organico, formando asi la estructura tipica de un
transistor MOSFET de puerta aislada.
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Fig. 1.27. Estructura tipica de un OFET.

Antes de entrar en los detalles del funcionamiento del sensor OFET, es importante
anticipar que la deteccion de OFET es una tecnologia libre de etiquetas gracias a su simple
esquema de deteccion, (solo una molécula de captura inmovilizada en la interfaz de del
transductor), y también es altamente repetible. EI uso de un OFET como sensor, en su
configuracion mas simple, implica la exposicion directa del semiconductor organico a la
atmosfera a analizar. En este caso, el semiconductor actia como material de transporte
electrénico y como capa de deteccion. Si se tiene en cuenta que un OFET es capaz de
generar una amplificacion de corriente, una vez que el OFET se exponga a un gas, Si éste
modifica la respuesta eléctrica del transistor, se puede lograr una amplificacion de la
respuesta de deteccion. También se ha demostrado que es sensible y, tras una adecuada
funcionalizacion con receptores bioldgicos, puede ser también selectivo. Los OFET se
propusieron por primera vez como sensores quimicos a finales de los afios ochenta,
estudiando sus caracteristicas eléctricas [21], determinacion de la mobilidad [22] y una
posteriormente revision publicada pocos afios después de estos [23].

El comportamiento de los OFETSs es similar al de los transistores MOSFETSs basados en
silicio. En los semiconductores organicos de tipo-p, el dispositivo trabaja polarizando
negativamente el drenador (D) y la puerta (G), siendo el terminal de referencia el surtidor
(S) (figura 1.28). En ambos contactos, se aplican los potenciales Vbs y Vas,
respectivamente. Esta configuracion se llama surtidor coman. Al aplicar los potenciales,
se forma un canal de cargas positivas entre el surtidor y el drenador.

OFET structure

dlelectric

N\
| © Gate l._|
Vs
N\

Fig. 1.28. Esquema de una estructura de dispositivo OFET tipica [18].

En la figura 1.29-a, se representa las estructuras de la banda de la puerta de metal, el
aislante (puerta dieléctrica) y el semiconductor organico (OCS) cuando no hay tension de
puerta. Las pocas cargas positivas en el OSC se deben a la presencia de dopantes de tipo-
p. Al igual que la mayoria de los transistores de pelicula fina, los OFETs funcionan en el
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Ilamado modo acumulacion. Como resultado, se genera una corriente Ips que es baja en
estado desactivado (Ves=0) y alta en el estado activado (Ves_on). EI cambio entre los dos
regimenes de transporte se logra mediante el contacto entre la puerta y el semiconductor
organico que forma el canal. Ambos estan acoplados capacitivamente a través de la capa
dieléctrica, permitiendo que las cargas se acumulen y queden confinadas en la interface
entre el semiconductor y la capa dieléctrica. Mediante la aplicacion de una tension
negativa Vs, se controla la acumulacion de cargas positivas en esta interface y, una vez
fijada una tension Vps, la corriente Ips fluye entre los electrodos fuente y drenador. En
otras palabras, la tension negativa Ves aplicada, genera un campo eléctrico en la capa
dieléctrica que produce una flexion en la banda de transporte del semiconductor (figura
1.29-b). Cuanto mayor es la tension negativa de la puerta, mayor es la densidad de carga
acumulada, y mayor la intensidad Ips, por lo que, bajo estas condiciones de operacion, se
considera que el transistor funciona en modo acumulacion.

V..=0 Vgs< 0 Ves> 0
L accumulation mode depletion mode
LUMO e
\v\

p-type
active ‘l".¢ S ——

layer

A
| HOMO
7777 / ++
Gate TE
contact oscC
Gate el
Dielectr. A

2D-fransport
region

(a) (b) (c)
Fig. 1.29. Diagrama de bandas de la estructura de semiconductor organico tipo p:
(a) puerta cero (VGS = 0), (b) acumulacion (VGS < 0) y (c) deplexion (VGS> 0). [18]

Para un semiconductor de tipo-p, si se aplica una tension Ves positiva, el campo eléctrico
repele las cargas positivas y causa el doblamiento de la banda de transporte del
semiconductor, acelerando las cargas positivas hacia su parte superior (figura 1.29-c). La
region del canal se agota y la corriente Ips se reduce, alcanzandose el modo agotamiento.

Esta descripcion basica del funcionamiento de un OFET, pone de manifiesto que estos
transistores organicos son dispositivos interfaciales. La interaccion entre el dieléctrico y
el semiconductor organico es compleja y ain no se comprende por completo. No obstante,
se percibe claramente que las propiedades de la interfaz dieléctrico/semiconductor
influyen de diferentes maneras en el transporte y la movilidad de los portadores de carga.

1.4.1. Caracteristicas Ips-Vps
Como se ha comentado, a medida que se aplica una tensién Ves, se establecen las

condiciones para la acumulacion de carga. No obstante, el flujo de corriente Ips no
comienza hasta que se alcanza un voltaje umbral de puerta (V1), que corresponde al
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valor de la tension de puerta necesario para alcanzar el estado activado del transistor. En
los transistores de pelicula delgada:

Vr = 222 (10)

Donde Queep €5 la densidad de carga (cargas atrapadas en el canal), y Cox es la capacitancia
del dieléctrico por unidad de area.

El conjunto de corrientes Ips de un OFET se mide en funcion de Vs, correspondiendo
cada curva a una tension Ves prefijada (figura 1.30). A bajos valores de tension entre
drenador y surtidor (|Vbs| < |[Ves-V1), las curvas se caracterizan por una region lineal
donde la corriente Ips sigue la ley de Ohm, siendo proporcional a Vs para una Ves fija
(régimen lineal o zona 6hmica). En este régimen, el campo generado por la puerta Ves
es mucho mayor al generado por Vs a lo largo del canal.

0.1

g (HA)

0.5 Lyt e

40 -30 -20 -10 0
VDS (V)

Fig. 1.30. Caracteristicas Ips vs. Vps de un OFET realizado con TIPS-Pentacene.
A medida que el voltaje Vbs se hace mas negativo, las cargas positivas se acumulan en el
canal, hasta que se alcanza un punto en que se agotan en la region de contacto con el
drenador. En ese momento, el campo a lo largo del canal generado por Vbs es mucho
mayor que el generado por la puerta Ves. La formacion de esta region agotada en |Vps| >
|Ves-V1| genera un pinch-off en el canal y el flujo de corriente queda limitado a un valor
constante Ips_sat (régimen de saturacion).

Las curvas caracteristicas lps-Vps se pueden ajustar a un modelo simplificado de
dispositivo de silicio cristalino (c-Si) de canal largo trabajando a gran sefial, con algunas
adaptaciones para considerar las particularidades de los OFET’s [24]:

e Regimen lineal: | :VTVCOX uMVgs —V; —\%) Vs para |Vps [<|Vgs —V; | (11)
- . W 2
e Regimen de saturacion: | :ZCOX uMgs —Vi) para |Vps [>|Vgs —V; | (12)
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Donde W y L son el ancho y la longitud del canal, respectivamente, y 1 es la movilidad,
definida como la relacion entre la velocidad de migracion de las cargas y el campo

eléctrico aplicado.

1.4.2. Caracterizacion eléctrica de OFETs

La norma estandar IEEE 1620-2008 [25] establece los parametros eléctricos que se deben
proporcionar para la caracterizacion de OFETSs (tabla 1.1), asi como el procedimiento

para su determinacion.

Tabla 1.1.- Listado minimo requerido de los parametros a reportar para una

caracterizacion de eléctrica completa del dispositivo.

Introduccion y Objetivos

Caracteristica Simbolo estandar Unidades
Ancho del canal W um (< 1 mm)
mm (> 1 mm)

Longitud del canal L pm
Capacidad del Dieléctrico Cox F-cm?
Temperatura T °CoK
Humedad relativa ambiental RH %
Movilidad de efecto campo u cm?(V-s)?t
Tension Threshold

., . Vr V
(Tension umbral o de pinch-off)
Relacién: on/off lon/lot adimensional

De acuerdo con esta norma, la caracterizacion eléctrica de un OFET requiere, como

minimo, de los siguientes conjuntos de medidas:

v Curvas de transferencia (Ips vs. Ves): permiten la determinacion preliminar de

la movilidad de efecto de campo (u) y la tension de umbral (V7).

Curvas de salida (Ibs vs. Vbs): proporcionan informacion sobre la saturacion y
el rendimiento eléctrico. Estas curvas se utilizan para determinar si el dispositivo
muestra un comportamiento similar a un FET.

Curvas de fuga de puerta (s vs. Ves): caracterizan la calidad dieléctrica de la
puerta y cuantifican la corriente de fuga de la puerta al canal. Las mediciones de
fuga se deben realizar antes de las mediciones de transferencia y de salida para
garantizar la integridad dieléctrica de la puerta. La caracterizacion de la fuga de
la puerta es necesaria para garantizar que es despreciable frente a la corriente de
drenaje, de modo que se asegure la fiabilidad y utilidad de los parametros
extraidos del dispositivo.
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a) Determinacion de la movilidad y de la tension de umbral

La movilidad (u) debida al campo eléctrico no es constante en dispositivos OFET, y varia
en funcion del régimen de funcionamiento. Se obtiene normalmente a partir de las curvas
Ios vs Vs, figura 1.31-a, por métodos de aproximacion, ya sea en régimen de saturacion
o lineal. La figura 1.31-b muestra la los*? vs. Vs caracteristica a Vs constante tomada
en la region de saturacion. Esta forma de representar la Ips permite determinar
graficamente la tension umbral (V7).

VDS =25V Vt=-11.7921V
-0.5 T T T T T T T

-0.45

-0.4

-0.35

-0.3

-0.25

s (HA)

-0.2

-0.15

-0.1

-0.05

112
o A1)
sSD (A)

-40 -35 -30 -25 -20 -15 -10 -5 0
Vs V)

Fig. 1.31. Caracteristicas: Ips Vs. Vas; ¥ lIps'? vs. Vs, de un OFET realizado con TIPS-Pentacene.
e Régimen de saturacion (|Vos| > [Vas-V1|)

En este régimen, la movilidad y la tensién de umbral pueden determinarse a partir de la
curva experimental Ips-Vps. Reescribiendo la ecuacion (10) de la siguiente manera:

W fW fW
Vips = Zcoxlu ‘(Ves —V5) = Zcoxﬂ Vs — zcox:u Vi =a-Vg +b (13)
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La movilidad (p1) en régimen de saturacion y la tension de umbral (V1) se pueden deducir
graficamente mediante el ajuste lineal de la curva experimental a esta ecuacion:

W . 2L
a=.]—C endiente) —» x =a?-
o Cott (P ) > u W-C.

b:—W/\ZN—LCOX u V. (ordenadaenelorigen) —V; __b
a

Los valores tipicos de p para los OFETs estan en el rango de 102 a 10t cm?(V-s)?,
aunque algunos dispositivos pueden llegar a alcanzar valores del orden de 1 a 10
cm?(V-s)* [20].

(14)

e Régimen lineal (|Vos| < [Ves-V1|)

En este régimen, la corriente Ips depende no sélo del campo eléctrico aplicado en la puerta
Vs, sino también de la tension entre el drenador y la fuente (Vbs), afectando esta ultima
ala movilidad. Este pardmetro se puede obtener a partir de la ecuacion 11 reescrita como:

W V2 w
Ios = fcox H {(VGS —Vr) Vs _% } s TCOX H [(VGS -V;) 'VDS] (15)

Derivando Ips en funcion de Ves y considerando para Vps un valor determinado, se
obtiene la movilidad de efecto campo en funcion de Ves:

dos We iy el 1 Laly o
Nes L Cox Vs W Vs

La derivada Ipsen funcidn de Ves se puede determinar mediante alguno de los siguientes
métodos:

al Ing (V+h)—I5c (V)
DS = B DS ; Backward Derivative (B.D)

Ngs h
ol Ine (V+h)=1 1o (V=h) 17
DS = DS DS ; TwoPointsderivative (T .P) ( )
Ngs 2h

En la figura 1.32 se puede observar la dependencia de la movilidad en funcion de la
tension de puerta (Ves).
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Fig. 1.32. Curva de movilidad vs. Ves, obtenida por mediante el Backward Derivative (B.D.), Two
Points Derivative (T.P.) y Least square fit derivative (alpha) (a(V)). (Pier Paolo Marchisio, PhD;
OSSILA [26])

Segun la norma estdndar IEEE 1620-2008, si el transistor muestra una dependencia
sustancial (superior al 10%) de la movilidad con respecto a la tensién de puerta aplicada,
esto debe indicarse mediante la inclusion de la curva que muestre la movilidad trazada en
un segundo eje para la corriente de drenador.

b) Determinacion de la relacion lon/loff

Otro parametro de interés en un OFET es la relacién entre la corriente de
encendido/apagado, definida como la relacion entre los valores maximo y minimo de Ips
en ony off de conduccion en el canal. Esto es indicativo del rendimiento de conmutacion
del dispositivo entre los dos regimenes de conduccion. Esta relacion se obtiene durante
una medicion de curva de transferencia. Hay que tener en cuenta que esta relacion puede
ser diferente para los diferentes valores de Vps utilizados en la medicion de transferencia.

-0 0 10 20 30
— Gate Voltage (V)

Fig. 1.33. Curva de Transferencia Ips vs. Vs, para un valor de Vbos fijo. (Berta Gémez-Lor [27])
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1.5. Fabricacién de Transistores Organicos

1.5.1. Fabricacion de OECTs basados en PEDOT:PSS

Los OECTs utilizados en esta tesis se basan en el polimero semiconductor PEDOT: PSS,
el cual se comercializa bajo distintos nombres por varias empresas: Clevios (Heraeus),
Clear Conductor (Gwent), PEDOT:PSS (Sigma Aldrich) y Baytron P (Bayer). La
mayoria de los fabricantes suministran este polimero en forma de tinta para su utilizacion
en técnicas denominadas de electrénica impresa, que consisten en utilizar los métodos
tradicionales de impresion (huecograbado, flexografia, inyeccion de tinta, serigrafia) para
la fabricacion de componentes electronicos. De entre los diversos productos comerciales,
se han utilizado tintas Clevios (Heraeus) y Clear Conductor (Gwent) para la fabricacion
de los OECTs.

Los OECTS estudiados en esta tesis, se

RASQUETA TELA

han fabricado por serigrafia (screen- 7 ;’*?TA /
printing). La serigrafia consiste en rom A s i s i ol " -
transferir una tinta a través de una malla e e
tensada en un marco. El paso de la tinta se , Y AN
bloquea en las areas donde no habra e

imagen mediante una emulsién o barniz, / j
quedando libre la zona donde pasara la e

tinta (figura 1.34). La utilizacion de esta e
tecnologia para el desarrollo de sensores Fig. 1.34.- Proceso serigrafico.

es relativamente nueva, apareciendo las primeras publicaciones a partir de los afios 80.
La figura 1.35 muestra el proceso y resultado de aplicar la serigrafia a la produccién de

electrodos.
rasqueta R
w sustrato
X \ 4 \'
- —ip

Pantalla ' / Electrodo

serigrafia ‘ serigrafiados
Fig. 1.35. Obtencion de un electrodo mediante técnicas serigraficas.

Para la fabricacion de los OECT’s por serigrafia se han seguido las indicaciones
proporcionadas por el fabricante de las tintas de PEDOT:PSS empleadas (Tabla 1.2).
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Tabla 1.2. Recomendaciones para la fabricacion de OECTs por serigrafia con tintas
Clevios S (Heraeus).

Parametro Caracteristicas recomendadas
Agitacion inicial de la tinta Velocidad: 1000 - 2000 rpm
Tiempo: 30 min-1h
Tela de poliéster 140 mesh-cm™
diametro de hilo: 31 um
Sustratos Vidrio
Alumina

Plastico (PC, PET, PEN) — requiere tratamiento
superficial de corona para mejorar la adhesion

Distancia entre pantalla y sustrato | 3mm

Rasqueta Dureza: 75° shore
Angulo: 70°
Presion: 1 bar
Velocidad: 0.6 m-s™

Curado Temperatura: 200°C

Tiempo:10 min

!|as recomendaciones para la fabricacién de OECTS con tinta C2100629D1 (Gwent) son muy
similares a las proporcionadas por Heraeus.

1.5.2. Fabricacion de OFET’s basados en TIPS-Pentacene

semiconductores organicos por deposicion e impresion, para la fabricacion de OFETSs.
Los métodos de deposicion mas comunes incluyen [28], [29]:

28

Spin-coating: recubrimiento por centrifugacion. Es un procedimiento
utilizado para depositar peliculas delgadas uniformes en sustratos planos.
Por lo general, se aplica una pequefia cantidad de material de
recubrimiento en el centro del sustrato el cual gira a alta velocidad para
extender el material por la fuerza centrifuga.

Drop-casting: deposicion por evaporacion. Es el impacto de una gota de
solucion sobre un sustrato, generalmente resulta por la dispersion de la
solucion liquida y la formacion de una pelicula sélida delgada no uniforme
después de la evaporacion del solvente.

Dip coating: recubrimiento por inmersién

Spray: rociado

Blade coating: técnicas con rasquetas

Roll coating: flexografia o huecograbado.
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Los OFETs utilizados en esta tesis se han fabricado a partir de chips prefabricados
comerciales (OSSILA), sobre los que se ha depositado TIPS-pentacene mediante Spin-
Coating y Drop-Casting.

El spin-coating se ha realizado con un equipo de spin-coat en cdmara de flujo laminar
con una velocidad y volumen determinados previamente mediante distintos ensayos.

El drop-casting se ha realizado en cdmara de flujo laminar con secado en una placa
calefactora. En este caso, se ha seguido el proceso recomendado por el fabricante de los
chips (OSSILA):

e EI OFET se coloca en una placa Petri con una placa fina debajo para que quede
inclinado.

e Laplaca Petri se calienta en una placa calefactora a 50°C.

e Se deja caer una gota (50 ul) de TIPS-Pentacene sobre el OFET y se tapa la placa
Petri durante 5 minutos a 50°C.

e Finalmente, se apaga la placa calefactora y se sustituye la tapa de vidrio por un
papel. Se deja reposar 1 minuto con cuidado de que no caigan sobre el sustrato las
gotas condensadas sobre la tapa.

HOTPLATE

TABLE

Fig. 1.37. Deposicion de TIPS-Pentacene por Drop-Casting aconsejado por OSSILA.
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1.6.Bibliografia complementaria

Existe mucha informacion ampliada en libros que han ido recopilando los trabajos
desarrollados y los resultados obtenidos gracias al afan de descubrir todas las
posibilidades que se abren en esta nueva area de la tecnologia electronica organica. Unos
dedicados a desarrollar técnicas de circuitos analdgicos que pueden utilizarse para
aumentar el rendimiento de los circuitos organicos [30]. Otros a revisar los avances
recientes que cubren las tres facetas importantes de la electronica orgénica: los
compuestos y materiales quimicos, las técnicas de fabricacion y los dispositivos
resultantes, junto con sus aplicaciones actuales de [31] a [42].
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2. OBJETIVOS

El objetivo general de esta tesis es el disefio y la caracterizacion de distintos tipos

de OTFT’s para su aplicacion en el sensado quimico de analitos.

Para ello, se proponen los siguientes objetivos concretos:

Disefio y caracterizacion de OTFT’s tanto en su version OFET’s como OECT’s.
Se estudiaran los distintos tipos de estructuras posibles, asi como los materiales para
la capa activa, dieléctrica y conductora. En esta fase, se seleccionaran los materiales
mas adecuados, asi como las tecnologias de fabricacion mas convenientes.

Aplicacion de los sensores basados en los OTFT’s obtenidos en el primer objetivo.
En esta fase, se estudiard su aplicacion como sensores quimicos de analitos en
disoluciones liquidas y gaseosas. Para ello, se determinara la mejor interface analito-
semiconductor para su precisa deteccion, y se obtendran experimentalmente los
limites de deteccion de cada sensor. Finalmente, se desarrollaran los sistemas
electrénicos ad hoc para cada sensor.

Desarrollo de un equipo de medida de bajo coste para las aplicaciones especificas
de este proyecto. La validacion de este equipo se realizara por comparacion con los
resultados obtenidos con equipos estandar.

Los resultados obtenidos en el desarrollo de esta tesis se incluyen en los articulos
publicados que constituyen el Capitulo 2 de esta memoria. En la tabla 1.3 se resume para
cada uno de ellos, el tipo de transistor, el material semiconductor orgéanico, el método de
procesado y el analito considerado para su aplicacion como sensor.

Tabla 1.3.- Resumen de los articulos publicados basados en esta tesis.

. Tipo de Material .
Articulo OTET semicondlictor Procesado Analito
1 OECT | PEDOT:PSS Thick-film Cationes: Rodamina.
2 OECT | PEDOT:PSS Thick-film Acido Ascorbico
TIPS- Spin-Coat .
3 OFET PENTACENE Drop-casting Gases simulantes de guerra

31



Introduccion y Objetivos

32



Introduccion y Objetivos

3. REFERENCIAS BIBLIOGRAFICAS

[1] Hulanicki, A., Glab, S., & Ingman, F. O. L. K. E. (1991). Chemical sensors:
definitions and classification. Pure and Applied Chemistry, 63(9), 1247-1250.

[2] Wolfbeis, O. S. (1990). Chemical sensors—survey and trends. Fresenius' Journal of
Analytical Chemistry, 337(5), 522-527.

[3] Sanchez, L. G., Rodrigo, L. C., & Garcia-Breijo, E. (2016). lon sensors based on
organic transistors. Organic Sensors: Materials and Applications, 257 (7).

[4] Koezuka, H., Tsumura, A., & Ando, T. (1987). Field-effect transistor with
polythiophene thin film. Synthetic Metals, 18(1-3), 699-704.

[5] Mannerbro, R., & Ranlof, M. (2007). Inkjet and Screen Printed Electrochemical
Organic Electronics.

[6] Berggren, M., Forchheimer, R., Bobacka, J., Svensson, P. O., Nilsson, D., Larsson,
0., & Ivaska, A. (2008). PEDOT: PSS-based electrochemical transistors for ion-to-
electron transduction and sensor signal amplification. In Organic Semiconductors in
Sensor Applications (pp. 263-280). Springer, Berlin, Heidelberg.

[7] Bernards, D. A., Malliaras, G. G., Toombes, G. E., & Gruner, S. M. (2006). Gating of
an organic transistor through a bilayer lipid membrane with ion channels. Applied physics
letters, 89(5), 053505.

[8] Mousavi, Z., Ekholm, A., Bobacka, J., & Ivaska, A. (2009). Ion-Selective Organic
Electrochemical Junction Transistors Based on Poly (3, 4-ethylenedioxythiophene)
Doped with Poly (styrene sulfonate). Electroanalysis: An International Journal Devoted
to Fundamental and Practical Aspects of Electroanalysis, 21(3-5), 472-479.

[9] Lin, P., Yan, F., & Chan, H. L. (2010). lon-sensitive properties of organic
electrochemical transistors. ACS applied materials & interfaces, 2(6), 1637-1641.

[10] Bernards, D. A., Macaya, D. J., Nikolou, M., DeFranco, J. A., Takamatsu, S., &
Malliaras, G. G. (2008). Enzymatic sensing with organic electrochemical transistors.
Journal of Materials Chemistry, 18(1), 116-120.

[11] Loi, A., Manunza, |., & Bonfiglio, A. (2005). Flexible, organic, ion-sensitive field-
effect transistor. Applied Physics Letters, 86(10), 103512.

[12] Nilsson, D. (2005). An organic electrochemical transistor for printed sensors and
logic (Doctoral dissertation, Institutionen for teknik och naturvetenskap).

[13] Bernards, D. A., & Malliaras, G. G. (2007). Steady-state and transient behavior of
organic electrochemical transistors. Advanced Functional Materials, 17(17), 3538-3544.

[14] Yaghmazadeh, O., Cicoira, F., Bernards, D. A., Yang, S. Y., Bonnassieux, Y., &
Malliaras, G. G. (2011). Optimization of organic electrochemical transistors for sensor
applications. Journal of Polymer Science Part B: Polymer Physics, 49(1), 34-39.

[15] Larrimore, L., Nad, S., Zhou, X., Abruna, H., & McEuen, P. L. (2006). Probing
electrostatic potentials in solution with carbon nanotube transistors. Nano letters, 6(7),
1329-1333.

33



Introduccion y Objetivos

[16] Cicoira, F., Sessolo, M., Yaghmazadeh, O., DeFranco, J. A,, Yang, S. Y., &
Malliaras, G. G. (2010). Influence of device geometry on sensor characteristics of planar
organic electrochemical transistors. Advanced Materials, 22(9), 1012-1016.

[17] Tarabella, G., Santato, C., Yang, S. Y., lannotta, S., Malliaras, G. G., & Cicoira, F.
(2010). Effect of the gate electrode on the response of organic electrochemical transistors.
Applied Physics Letters, 97(12), 205.

[18] Torsi, L., Magliulo, M., Manoli, K., & Palazzo, G. (2013). Organic field-effect
transistor sensors: a tutorial review. Chemical Society Reviews, 42(22), 8612-8628.

[19] Dodabalapur, A. (2006). Organic and polymer transistors for electronics. Materials
Today, 9(4), 24-30.

[20] Wang, C., Dong, H., Hu, W., Liu, Y., & Zhu, D. (2011). Semiconducting m-
conjugated systems in field-effect transistors: a material odyssey of organic electronics.
Chemical Reviews, 112(4), 2208-2267.

[21] Laurs, H., & Heiland, G. (1987). Electrical and optical properties of phthalocyanine
films. Thin Solid Films, 149(2), 129-142.

[22] Assadi, A., Gustafsson, G., Willander, M., Svensson, C., & Ingands, O. (1990).
Determination of field-effect mobility of poly (3-hexylthiophene) upon exposure to NH3
gas. Synthetic Metals, 37(1-3), 123-130.

[23] Guillaud, G., Al Sadoun, M., Maitrot, M., Simon, J., & Bouvet, M. (1990). Field-
effect transistors based on intrinsic molecular semiconductors. Chemical Physics Letters,
167(6), 503-506.

[24] Kymissis, I. (2008). Organic field effect transistors: theory, fabrication and
characterization. Springer Science & Business Media. (6), 75-82.

[25] J. IEEE Standard for Test Methods for the Characterization of Organic Transistors
and Materials. IEEE Std 1620-2008, 1-14.

[26] https://www.ossila.com/
[27] Gomez-Lor B., tranparencias. CSIC.

[28] Kymissis, 1. (2008). Organic field effect transistors: theory, fabrication and
characterization. Springer Science & Business Media. (4), 38-41

[29] Parashkov, R., Becker, E., Riedl, T., Johannes, H. H., & Kowalsky, W. (2005). Large
area electronics using printing methods. Proceedings of the IEEE, 93(7), 1321-1329.

[30] Marien, H., Steyaert, M., & Heremans, P. (2012). Analog Organic Electronics:
Building Blocks for Organic Smart Sensor Systems on Foil. Springer Science & Business
Media.

[31] Klauk, H. (Ed.). (2006). Organic electronics: materials, manufacturing, and
applications. John Wiley & Sons.

[32] Klauk, H. (Ed.). (2012). Organic electronics Il: more materials and applications
(Vol. 2). John Wiley & Sons.

[33] Bernards, D. A., Owens, R. M., & Malliaras, G. G. (2008). Organic semiconductors
in sensor applications.

34


https://www.ossila.com/

Introduccion y Objetivos

[34] Shinar, R., & Shinar, J. (2009). Organic electronics in sensors and biotechnology.
McGraw-Hill, Inc.

[36] Kohler, A., & Bassler, H. (2015). Electronic processes in organic semiconductors:
An introduction. John Wiley & Sons.

[37] Li, Q. (2011). Self-organized organic semiconductors: from materials to device
applications. John Wiley & Sons.

[38] Brutting, W. (Ed.). (2006). Physics of organic semiconductors. John Wiley & Sons.

[39] Moiz, S. A., Karimov, K. S., & Ahmed, M. M. (2010). Electrical Characterization
of Novel Organic Semiconductor: Materials and Devices for Sensor Technology. VDM
Publishing.

[40] Berggren, M., Nilsson, D., & Robinson, N. D. (2007). Organic materials for printed
electronics. Nature materials, 6(1), 3.

[41] Nisato, G., Lupo, D., & Ganz, S. (Eds.). (2016). Organic and Printed Electronics:
Fundamentals and Applications. CRC Press.

[42] Cantatore, E. (2013). Applications of organic and printed electronics. A Technology-
Enabled Revolution. New York: Springer Science+ Business Media, 180.

35



Introduccion y Objetivos

36



Capitulo 2:

Publicaciones

Articulos en Editoriales Internacionales Indexadas

1. Characterization of Screen-Printed Organic Electrochemical Transistors to Detect
Cations of Different Sizes.

2. Screen-printed Organic Electrochemical Transistors for the Detection of Ascorbic
Acid in Food.

3. Inexpensive Measuring System for the Characterization of Organic Transistors.



38



Publicaciones

ﬁ SENSOrs

Contat-Rodrigo, L.; Pérez-Fuster, C.; Lidén-Roger, J.V.; Bonfiglio,
A.; Garcia-Breijo, E. Characterization of Screen-Printed Organic
Electrochemical Transistors to Detect Cations of Different

Sizes. Sensors 2016, 16, 1599.

Journal Impact Factor 2016: 2.677
Quartile (Instruments & Instrumentation): Q1

39



40



ﬂ SCNSors m\py

Article

Characterization of Screen-Printed Organic
Electrochemical Transistors to Detect Cations of
Different Sizes

Laura Contat-Rodrigo !, Clara Pérez-Fuster !, José Vicente Lidén-Roger !, Annalisa Bonfiglio 2
and Eduardo Garcia-Breijo 1'*

1 Group of Electronic Development and Printed Sensors (GEDPS), Centro de Reconocimiento Molecular y

Desarrollo Tecnolégico, Unidad Mixta UPV-UYV, Valencia 46022, Spain; lcontat@ter.upv.es (L.C.-R.);
cperezf@eln.upv.es (C.P-E.); jvlidon@eln.upv.es (J.V.L.-R.)

Dipartimento di Ingegneria Elettrica ed Elettronica, Universita di Cagliari, Piazza d” Armi,
Cagliari 09123, Italy; annalisa@diee.unica.it

Correspondence: egarciab@eln.upv.es; Tel.: +34-96-3877-608

*

Academic Editor: W. Rudolf Seitz
Received: 5 July 2016; Accepted: 14 September 2016; Published: 28 September 2016

Abstract: A novel screen-printing fabrication method was used to prepare organic electrochemical
transistors (OECTs) based on poly(3,4-ethylenedioxythiophene) doped with polysterene sulfonate
(PEDOT:PSS). Initially, three types of these screen-printed OECTs with a different channel and gate
areas ratio were compared in terms of output characteristics, transfer characteristics, and current
modulation in a phosphate buffered saline (PBS) solution. Results confirm that transistors with a gate
electrode larger than the channel exhibit higher modulation. OECTs with this geometry were therefore
chosen to investigate their ion-sensitive properties in aqueous solutions of cations of different sizes
(sodium and rhodamine B). The effect of the gate electrode was additionally studied by comparing
these all-PEDOT:PSS transistors with OECTs with the same geometry but with a non-polarizable
metal gate (Ag). The operation of the all-PEDOT:PSS OECTs yields a response that is not dependent
on a Na* or rhodamine concentration. The weak modulation of these transistors can be explained
assuming that PEDOT:PSS behaves like a supercapacitor. In contrast, the operation of Ag-Gate OECTs
yields a response that is dependent on ion concentration due to the redox reaction taking place at
the gate electrode with Cl~ counter-ions. This indicates that, for cation detection, the response is
maximized in OECTs with non-polarizable gate electrodes.

Keywords: organic electrochemical transistors; screen-printing; PEDOT:PSS; large-size cations

1. Introduction

Organic electronics has been extensively developed since the discovery of conducting polymers
in the late 1970s [1,2] due to the unique features that these materials can offer, such as low-cost
fabrication, low temperature processing, mechanical flexibility, ionic conductivity, and facile chemical
modification [3]. As a result, many electronic devices based on organic semiconductors have been
developed, including organic light emitting diodes (OLEDs) [4], organic photovoltaics (OPVs) [5], and
organic thin film transistors (OTFTs) [6,7]. Among the latter, organic electrochemical transistors
(OECTs) have attracted considerable interest in recent years for their application as organic
semiconductor devices in many fields, especially for chemical and biological sensing due to their
ability to operate in aqueous environments [8,9].

OECTs were initially reported by White in the 1980s [10]. The essential components of an OECT
are an organic semiconductor film (in its doped-conducting-state), the channel, with source and drain
electrodes, and an electrolyte bridging the channel and the gate electrode. As a convention, the

Sensors 2016, 16, 1599; d0i:10.3390/s16101599 www.mdpi.com/journal/sensors


http://www.mdpi.com/journal/sensors
http://www.mdpi.com
http://www.mdpi.com/journal/sensors

Sensors 2016, 16, 1599 20of 11

source electrode is grounded and a voltage is applied to the drain electrode relative to the ground.
The operation of OECTs is based on the modulation of the channel current by electrochemical doping
or de-doping from the electrolyte when gate voltages are applied.

One of the most widely used conducting polymers in these types of devices is poly(3,4-
ethylenedioxythiophene) doped with polysterene sulfonate (PEDOT:PSS) [11,12]. PEDOT:PSS is a
degenerately doped p-type organic semiconductor that is commercially available and can be readily
prepared by using conventional solution processing techniques [13-15]. In addition, it exhibits high
conductivity, excellent thermal stability, and good stability in a wide pH range. Upon the application
of a positive gate voltage in PEDOT:PSS-based OECTs, cations from the electrolyte medium migrate
into the conducting polymer [16,17]. This in turn de-dopes PEDOT:PSS and leads to a decrease in the
channel current. De-doping occurs by reduction of the highly conducting form of PEDOT" to the less
conducting form of PEDOT? [18], according to the following electrochemical reaction:

n (PEDOT* : PSS™) + M"" + ne~ = nPEDOT® + M"* : nPSS~, 1)

where M™* is a cation in the electrolyte medium, # is the number of charge of the cation, and e~ is an
electron from the source electrode. When the gate voltage is removed, cations migrate back into the
electrolyte medium, and the original conductivity of the organic semiconductor is restored.

As a result of this working principle, the characteristics of OECTs based on PEDOT:PSS are usually
sensitive to the ion concentration in the electrolyte. On this basis, these devices have been successfully
employed as chemical and biological sensors [17,19]. A comprehensive description of the ion-sensitive
behavior of these devices is therefore critical for their optimization for sensing applications. Lin first
studied the ion-sensitive properties of these types of devices in aqueous solutions with different
cationic species (H*, K*, Na*, Ca?*, and A1%Y), finding that the transfer curves shift to lower gate
voltage horizontally with the increase in the concentration of cations [19]. This shift was also found to
be dependent on the type of ion in the electrolyte, decreasing with the increase in the ionic charge.

More recently, Malliaras et al. reported on the mobility of various cations in PEDOT:PSS films,
proving that this polymer is an efficient ion transporter, not only of small cations such as H*, K*, and
Na*, but also of choline (CsH14NO"), a biologically-relevant ion of larger size [20]. However, efficient
transport of large ions through this material has not been yet reported, despite the interest of knowing
the maximum detectable size of chemical and biological analytes for sensing applications.

In OECTs based on PEDOT:PSS, the gate electrode also plays an important role with respect to its
ion-sensitive properties. Lin demonstrated that, for devices with Ag/AgCl gate electrodes, Nernstian
relationships are found, whereas for devices with metal gate electrodes (Pt and Au), the ion sensitivity
is higher than that given by the Nernst equation [19].

The device geometry is another critical issue to the ion-sensitive behavior of OECTs based on
PEDOT:PSS. Optimization of the performance of these devices can be achieved by changing the ratio
between the channel and gate areas, and the channel geometry (width and length) [21,22].

The practical implementation of these different geometries ultimately depends on the processing
techniques that are used for the fabrication of these transistors. Many innovative techniques have
been developed in the last decade for the fabrication of OECTs. In particular, there has been a
significant increase in the interest in using printing techniques, since these provide a wide range of
advantages compared to traditional fabrication techniques of silicon-based electronics. One of the most
important advantages is the possibility of working with flexible substrates. Furthermore, printing
techniques (inkjet, gravure, serigraphy, etc.) can be combined with high-throughput roll-to-roll
manufacturing techniques (screen-printing, flexography, etc.) to produce low-cost organic electronic
devices. Although printing techniques offer many advantages, only a few examples of the
fabrication of OECTs using these technologies are reported in the literature [15,23,24]. In general,
these types of transistors are prepared using alternative and more expensive techniques, such as
lithography [16,21,22,25,26].
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In this communication, we report on the characterization of various PEDOT:PSS-based OECTs
prepared using a screen-printing technique over a flexible substrate. Screen-printed transistors with
different geometries are compared in terms of their electrical characteristics and current modulation.
In addition, the effect of the gate electrode on the ion-sensitive properties of these OECTs in aqueous
solutions of cations of different sizes is also investigated.

2. Materials and Methods

Preparation of the phosphate buffered saline (PBS) solution: A 0.1-M PBS solution was
prepared by dissolving K,HPOj, (Scharlau, Barcelona, Spain) and KH, PO, (Probus, Badalona, Spain)
in Milli-Q water. The PBS solution had a pH of 6.8, as measured by a pH meter.

Preparation of NaCl solutions: Aqueous solutions containing sodium cations (Na*) were
prepared by dissolving sodium chloride (Scharlau) in Milli-Q water with different molar concentrations
(1073 M, 10* M, and 10~> M).

Preparation of rhodamine solutions: Aqueous solutions containing rhodamine B cations
(Co8H31N»O3*) were prepared by dissolving rhodamine B (CpgH3; CIN,O3) (Sigma-Aldrich, Madrid,
Spain) in Milli-Q water with different molar concentrations (1073 M, 107#* M, and 10~° M).

Transistor fabrication: For the fabrication of the OECTs, PEDOT:PSS was screen-printed
over polyester film. Screen-printing was performed with a polyester mesh screen PET 1500
165/420-34W /32 pm (SEFAR, Barcelona, Spain) and an UV film DIRASOL 132 (FUJIFILM, Barcelona,
Spain). The final screen thickness was 55 um. The OECTs pattern was transferred to screen by
using an UV light. PEDOT:PSS CLEVIOS S V3 (Heraeus, Madrid, Spain) (Table 1) was mixed with
ethylene glycol (4:1 by volume). The mixture was re-dispersed for 1 h at 1000 rpm before printing.
Printing was carried out by using AUREL 900 with a 75° shore squeegee hardness, 1 bar force, and
0.2 m/s. The substrate used was a transparent and flexible polyester MELINEX ST506 (thickness of
175 pm, DuPont Teijin Films, Scotland, UK) cleaned with acetone, ethanol, and deionized water.
Finally, the OECTs were cured in an air oven at 80 °C for 5 min.

Table 1. Main characteristics of the CLEVIOS screen-printing inks (Heraeus).

Grade Application Resistivity Viscosity
CLEVIOS SHT High transparency 1000 ©3/sq 3-5dPas
CLEVIOS S V3 Standard 700 Q)/sq 15-60 dPas

CLEVIOS S V3 HV Fine line 700 Q)/sq 60-180 dPas
CLEVIOS S V4 High conductivity 400 Q2/sq 15-60 dPas

Electrical measurements: All measurements were performed using a Keithley 4200 semiconductor
characterization system.

Cyclic voltammetry experiments: The electrochemical characterization was carried out with an
Autolab PGSTAT12 potentiostat/galvanostat electrochemical analysis system.

3. Results and Discussion

3.1. Electrical Characterization: Effect of the Device Geometry

Three types of all-PEDOT:PSS screen-printed transistors with different geometries were prepared
by modifying the ratio between the channel and gate areas A,/ Ag (v) (Where Ay, is the channel area
and Ag is the gate area) (Figure 1). Type 1 OECT is a symmetric device with y = 1. In contrast, type 2
and type 3 OECTs are asymmetric devices with y = 0.5 and v = 2, respectively.

These three types of all-PEDOT:PSS OECTs were initially characterized in a PBS solution.
Electrical measurements were performed, filling the electrolyte reservoir with 150 uL of aqueous
0.1-M PBS. The output characteristics, the transfer characteristics, and the current modulation of each
type of OECT were obtained and compared.
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Figure 2 shows the output curves of the all-PEDOT:PSS transistors with different channel and
gate areas. It can be observed that the geometry has a large influence on the output characteristics of
these OECTs. Results clearly show that the transistor with a small area ratio (y = 0.5) exhibits a strong
modulation of the drain current (Ipg) (Figure 2a), while the modulation of this current is weaker for
the transistor with a large area ratio (y = 2) (Figure 2c) [22].

1mm 0.5mm 1mm

=

GATE DRAIN GATE GATE

TYPE 1
Y=1

TYPE 2
Y=0.5

Figure 1. Schematic representation of the devices layout with three different ratios between the channel
and gate areas.
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Figure 2. Output characteristics of the three types of all-PEDOT:PSS OECTs: (a) Type 2 (y = 0.5);
(b) Type 1 (v = 1); (¢) Type 3 (v = 2).

Concerning the transfer characteristics of these screen-printed OECTs, these were obtained
plotting the drain current (Ips) (normalized to its maximum value) vs. the gate voltage (Vgs) from
—0.9 V to 0.9 V under a constant drain voltage (Vps) (Figure 3). It can be noticed that the maximum
(on) current is reached for negative values of Vg, indicating that negative gate-source voltage leads to
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a further doping of PEDOT:PSS in the channel [15,23]. Moreover, it is observed that the offset voltage
(Voff) depends on the geometry, as for metal-gated structures.

1.0

0.8

IDSIIDS max

0.6

0.4
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T T T T "~ T "~ T "~ T T "~ T "~ T
-1.0 -08 -06 -04 -02 00 02 04 06 08 1.0
Ves V)

Figure 3. Normalized Ipg vs. Vg curve for the three types of all-PEDOT:PSS OECTs.

Finally, the current modulation of these all-PEDOT:PSS OECTs was determined. Plots of Al/I
(AI/Iy = (1T =TIy | /1y)), where T is the off current (Vgg # 0) and Ij is the on current (Vgg = 0), vs. the
gate voltage (Vgs) for different values of y are shown in Figure 4a. The different responses for the
OECTs with different geometries are highlighted. The OECT with the smallest v (large gate) exhibits
the highest modulation throughout all the investigated Vg range, while the OECT with a large y
(large channel) exhibits little modulation (Figure 4a).

1.0 1.0x10° -
=0.5
%1 /l 8.0x107 4 = 0.5
. Vg =-0.1V g
= 06 =1 < 6.0x107
< 2
=0
0.4 4.0x107 o
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Vo=-01V
0.0 1 T T T T 1 0.0 T T T T T
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Ves (V) Ves (V)
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Figure 4. (a) Current modulation AI/Ij vs. Vgs; (b) Igs vs. Vgs.
This can be explained by the idea suggested by Malliaras [16,22] that, for these types of transistors,
the electrolyte potential (V) is related to the area geometry (y) according to

Vs
1+vy’

Vol = 2)

In OECTs with a small v, the electrolyte is nearly at the same potential as the gate, resulting
in strong modulation. In contrast, in OECTs with large v, the modulation is weak due to the large
potential drop at the gate-electrolyte interface (Figure 5).
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Figure 5. Potential distribution between the gate electrode and the channel for (a) y = 0.5; (b) v = 2.

Equation (2) represents a non-Faradaic response. Demelas and co-workers demonstrated that
an all-PEDOT:PSS OECT behaves similarly to a device with a gate metal working as a polarizable
electrode, at least within a certain range of the Vg bias. Therefore, these devices can be controlled by
varying the geometry (i.e., the area ratio, y) [23]. In particular, it is suggested that OECTs with a gate
electrode that is much larger than the channel (a small y) are used [22], which is in good agreement
with the results presented here.

On the other hand, results also show that the gate-source current (Igs) is higher for the transistor
with a small ratio between the channel and gate areas (Figure 4b).

3.2. Ion-Sensitivity: Effect of the Gate Electrode

According to the above results, the all-PEDOT:PSS OECT with a small vy (type 2, vy = 0.5) and
better current modulation was chosen to investigate hereinafter the ion-sensitive properties of these
transistors. For operation as an ion-to-electron converter, besides the use of OECTs with a small v, it is
also suggested that a non-polarizable gate (i.e., Ag) is alternatively used [22]. Therefore, the effect of
the gate electrode on the performance of these transistors was additionally studied by comparing the
response in aqueous solutions of cations of different sizes of the all-PEDOT:PSS transistor type 2 with
an OECT with the same channel-to-gate area ratio (v), but with a Ag gate.

First, the gate voltage (Vgs) range of these ion-sensitivity measurements was defined by
performing a voltammetry of the PEDOT:PSS ink used for the fabrication of these OECTs
(CLEVIOS S V3, Heraeus). A PEDOT:PSS electrode with the same dimensions and shape of the channel
area served as the working electrode (WE) in a three-electrodes cell. A platinum wire was used as the
counter electrode (CE), while all potentials were reported with the reference to the Ag/AgCl electrode
(RE). Tests were performed in a 0.1-M PBS solution. Results evidence the redox behavior of this organic
semiconductor (Figure 6). PEDOT:PSS undergoes reduction at approximately —0.4 V and oxidation
near +0.8 V. According to these results, the study of the ion-sensitive properties of these OECTs was
performed using a Vg range from 0 V to 0.5 V.

In addition, in this Vg range, the transfer curves and the associated transconductances of the
all-PEDOT:PSS OECT type 2 and the Ag-Gate OECT with the same y were obtained in the PBS
solution (Figure 7). The drain current (Ipg) is shown in the transfer curves to decrease with the gate
voltage for both OECTs, which is consistent with the operation in the depletion regime and is in good
agreement with the operation mechanism of PEDOT:PSS-based OECTs [16,17]: upon the application of
a positive gate voltage, cations from the electrolyte migrate into the conducting polymer. This de-dopes
PEDOT:PSS and leads to a decrease in the drain current as shown in Figure 7. On the other hand,
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the transconductance is shown to reach a maximum value of g, = 0.0115 mS at Vg = 0.45 V for the
all-PEDOT:PSS OECT, and of g = 0.0105 mS at Vgg = 0.35 V for the Ag-Gate OECT (Figure 7).
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Figure 6. Electrochemical characterization of PEDOT:PSS. CV curves recorded at 0.02 V-s~1.
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Figure 7. Transfer curves for Vpg = —0.1 V and their associated transconductances of (a) the all

PEDOT:PSS OECT (type 2) and (b) the Ag-Gate OECT.

3.2.1. Ion-Sensitivity towards Sodium Cations

Initially, the ion-sensitive properties of these screen-printed OECTs were studied in aqueous
solutions of NaCl to investigate the detection of Na*, a biologically relevant small cation.
Figure 8 shows the current modulation (Al/Ij) and gate-source current (Igs) vs. the gate voltage
(Vgs) as a function of NaCl concentration for both the all-PEDOT:PSS OECT and the Ag-Gate
OECT. The operation of the all-PEDOT:PSS OECT leads to a response that is not dependent on
NaCl concentration. The drain current does not depend on concentration, which suggests that the
electrolyte potential has diminished. As a result, these transistors exhibit a small potential drop
between the electrolyte and the channel, which in turn translates to a weak current modulation
(Figure 8a). Moreover, the drain current is close to its maximum value, which can indicate that only
few Na* cations have migrated into the channel. On the other hand, Demelas and coworkers have
suggested that an all-PEDOT:PSS behaves similarly to a device with a polarizable gate (i.e., Pt), working
in a non-Faradaic regime (as proven here by the very low gate current) [23] (Figure 8c). These authors
also suggest that, in these types of transistors, PEDOT:PSS behaves like a supercapacitor, which could
explain the weak dependence on the ionic concentration that is observed.
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In contrast, the operation of the Ag-Gate OECT yields a response that is dependent on NaCl
concentration. This indicates that, in this case, there is a large potential drop between the electrolyte
and the channel, which in turn leads to a strong modulation of the drain current (Figure 8b). This can be
explained by the redox reaction taking place at the Ag gate due to the presence of C1~ counter-ions. As a
consequence, there is almost no potential drop at the gate-electrolyte interface. The transistor operates
in a Faradaic regime, as shown by the large gate current, which increases as the ionic concentration
increases from 107> M to 10~2 M, due to the oxidation of the Ag gate (Figure 8d):

Ag+ClIm = AgCl+e™ (©)]
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1E4 2.5x10
=—1E-3
5|
2.0x10 Vo =01V 2.0x10° -
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Figure 8. OECT response in NaCl aqueous solutions with different concentrations. Current modulation
Al/I vs. Vg for (a) all-PEDOT:PSS OECT; (b) Ag-Gate OECT. Plots of Igg vs. Vg for (c) all-PEDOT:PSS
OECT; (d) Ag-Gate OECT.

3.2.2. Ion-Sensitivity towards Rhodamine B Cations

Next, the ion-sensitive properties of these two OECTs were investigated in aqueous solutions
of rhodamine B (CpgH31N>O37), a large-size cation widely used as a dye in biological applications
due to is fluorescent properties. Figure 9 shows the current modulation (Al/lp) and Igs vs. Vs
curves as a function of rhodamine concentration for both the all-PEDOT:PSS OECT and the Ag-Gate
OECT. The operation of these two OECTs in rhodamine solutions yields to a response that is similar to
that obtained in NaCl solutions. The drain current of the all-PEDOT:PSS OECT does not depend on
concentration and is similar to its maximum value, which indicates that few rhodamine cations have
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migrated into the channel (Figure 9a). This weak modulation of the current could again be explained
assuming that PEDOT:PSS behaves like a supercapacitor [23]. Compared to the operation of this
transistor in NaCl solutions, the response is even lower in this case, suggesting that the migration of
large rhodamine cations into the channel is lower than that of small Na* cations. This is probably
due to the much larger size of the rhodamine B cations, which can hinder their diffusion and mobility
into the channel. In contrast, for the Ag-Gate OECT, results show that the drain current depends
slightly on rhodamine concentration (Figure 9b). In particular, the drain current slightly decreases as
the concentration increases, which could confirm that rhodamine cations have effectively migrated
into the PEDOT:PSS channel. Concerning the gate current, it was observed that it remained constant
for the all-PEDOT:PSS OECT (Figure 9c), whereas it slightly increased for the Ag-Gate OECT as a
function of both concentration and Vg (Figure 9d), due to the redox reaction (Equation (3)) taking
place at the gate electrode with chloride counter-ions present in rhodamine solutions.

2.5x10° 4 2.5x10°

—=—1E-§ F=—1E-§
] = 1E-4 -m— 1E-4
e 1E3 = 1E-3
s | 2.0x10° =
204077y =01V M Vs =01V
1.5x10° 1.5x10° 1
< <
3 _8
~ 1.0x10° 1.0x10° -
) =
-
5.0x107 Jap g E R R TR R 5.0x107 W
0.0 . . . : : 0.0 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Vo (V) Ves (V)
() (d)

Figure 9. OECT response in rhodamine B aqueous solutions with different concentrations.
Current modulation Al/Iy vs. Vgg for (a) all-PEDOT:PSS OECT; (b) Ag-Gate OECT. Plots of Igg
vs. Vs for (c) all-PEDOT:PSS OECT; (d) Ag-Gate OECT.

In the all-PEDOT:PSS OECTs, cations seem to initially migrate into the channel leading to a slight
decrease in the drain current. However, due to the supercapacitor behavior that can be attributable
to PEDOT:PSS, the accumulation of charges would simultaneously occur at the surface of both the
channel and the gate, which would hinder further migration of cations into the channel. As a result, the
channel current remains almost constant and the gate current is kept at very low values. It can therefore
be concluded that, for cation detection, the response is maximized in OECTs with non-polarizable gate
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electrodes (such as Ag). Furthermore, these OECTs exhibit a good response to cations of different sizes,
such as Na* and rhodamine.

4. Conclusions

OECTs based on PEDOT:PSS were prepared by means of a novel screen-printing method.
The electrical characteristics of three types of these screen-printed transistors with different geometries
were then compared. OECTs with small ratios between the channel and the gate area showed better
current modulation, which is in good agreement with previously published results.

The effect of the gate electrode on the transistor performance for ion-sensing was subsequently
investigated by comparing these all-PEDOT:PSS OECTs with non-polarizable Ag-Gate OECTs with
the same geometry. The response of these transistors has been studied in aqueous solutions of
cations of different sizes (Na* and rhodamine B) with concentrations ranging from 1073 M to
1075 M. The operation of the all-PEDOT:PSS transistors yields a response that is not dependent
on ionic concentration. Results suggest that, in these OECTs, few Na™ cations have migrated into
the channel and that ion migration is further hindered for rhodamine B large-size cations. The weak
current modulation of these transistors can be explained assuming that PEDOT:PSS behaves like a
supercapacitor. In contrast, Ag-Gate OECTs exhibit a good response to both small Na* cations and
large rhodamine B cations. The redox reaction taking place at the gate electrode due to the presence of
Cl™ counter-ions could explain the strong modulation observed in these devices. It can therefore be
concluded that, for cation detection, the use of OECTs with non-polarizable gate electrodes (such as Ag)
helps to increase the response.

Results thus confirm that screen-printing can be regarded as a promising alternative technique
for the fabrication of low-cost OECTs for cation detection.
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Abstract

Methods traditionally used for ascorbic acid (AA) detection in food are often expensive and complex, making
them unsuitable for day-to-day determinations. In this work, we report on the use of all-PEDOT:PSS Organic
Electrochemical Transistors (OECTS) for fast, simple and low-cost determination of AA in food. The performance
of these OECTSs was tested first with in lab-prepared solutions of AA with different concentrations. The effect of
the geometry on the transistors performance for AA sensing was also investigated by comparing the response of
two OECTs with different channel and gate areas ratio (y), in terms of current modulation, sensitivity, background
signal and limit of detection (LOD). OECTs with smaller gate electrode than the channel (large y) show the best
performance for AA sensing: these devices display smaller background signal, higher sensitivity, larger
modulation and better LOD value (80uM). Since the AA content in food rich in Vitamin C is in the mM range,
these transistors can be considered sensitive enough for quantitatively monitoring AA in food. In order to
demonstrate the reliability of the proposed sensors in real food samples, the response of these transistors was
additionally measured in a commercial orange juice. The amount of AA obtained with the OECTs is in good
agreement with that determined by HPL.C and with values reported in the literature for orange juices. Furthermore,
these OECTSs can be considered promising candidates for the selective detection of AA in the presence of other
interfering antioxidants.

Keywords

Organic Electrochemical Transistors; screen-printing; PEDOT:PSS; ascorbic acid

1. Introduction

Ascorbic acid (AA), commonly known as Vitamin C, is a naturally occurring
hydrosoluble organic compound that can be found in many biological systems and food
products, namely fresh vegetables and fruits. In aqueous solution, AA shows two deprotonation
steps (with pKa values of 4.17 and 11.57) [1]. Therefore, at typical biological pH values, AA
occurs as monodeprotonated ascorbate anion. AA is known for its reductive properties, being
easily oxidized to dehydroascorbic acid (DHAA) (Figure 1). The oxidation of AA involves
release of two electrons and two protons to produce DHAA [2]. Due to its strong antioxidant
activity, AA is largely used as an antioxidant additive in food industry to prevent unwanted
changes in color or flavor of food and drinks. Furthermore, the content of Vitamin C is used as
an index of the health-related quality of fruits and vegetables [3]. Consequently, there is
increasing interest in the development of analytical methods for the quantitative determination
of AA in food.
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Figure 1. Ascorbic acid (AA) and its two-electron oxidation product dehydroascorbic acid
(DHAA) redox couple (redox potential Eo=+0.058V).

Traditional methods for the determination of AA in food include enzymatic techniques
[4], liquid chromatography [5-7], spectrophotometry [8], chemiluminescence [9], capillary
electrophoresis [10], and titration with an oxidant solution [11]. However, such detection
methods often require expensive and complex instrumentation, making them unsuitable for
day-to-day determinations. Therefore, the development of sensitive, simple, fast, and low cost
techniques for the detection of AA is of great interest for food industry.

Electrochemical sensors can be a promising solution since they are based on the use of
quick and easy procedures [2]. Among them, sensors based on organic semiconductor devices,
like Organic Electrochemical Transistors (OECTS), can be regarded as a valid option for AA
sensing. OECTs have attracted considerable interest in recent years for their application as
chemical and biological sensors, due to their ability to operate in aqueous environments, easy
fabrication, high sensitivity, and their simpler and cheaper readout electronics compared to
conventional electrochemical sensors [12,13]. The essential components of an OECT are an
organic semiconductor film, the channel (with source and drain electrodes), and an electrolyte
bridging the channel and the gate electrode. As a convention, the source electrode is grounded
and a voltage is applied to the drain electrode relative to ground. The operation of OECTS is
based on the modulation of the channel current by electrochemical doping or de-doping from
the electrolyte when gate voltages are applied.

One of the most widely used conducting polymers in these devices is poly(3,4-
ethylenedioxythiophene) doped with polysterene sulfonate (PEDOT:PSS) [14,15].
PEDOT:PSS is commercially available and can be readily patterned by conventional
photolithography [16,17], or by solution processing techniques like inkjet-printing [18,19] and
screen-printing [20-22]. In addition, it exhibits high conductivity, excellent thermal stability
and good stability in a wide pH range. Upon the application of a positive-gate voltage in
PEDOT:PSS-based OECTSs, cations from the electrolyte migrate into the conducting polymer
[23,24]. This in turn de-dopes PEDOT:PSS and leads to a decrease of the channel current. De-
doping occurs by reduction of highly conducting PEDOT" to less conducting PEDOT?,
according to the following electrochemical reaction [25]:

n(PEDOT*:PSS™) + M™* + ne~ S nPEDOT® + M™*:nPSS~ (1)

where M"™ is a cation in the electrolyte, n is the number of charge of the cation and e is an
electron from the source electrode. When the gate voltage is removed, cations migrate back

56



Publicaciones

into the electrolyte, and the original conductivity of the organic semiconductor is restored. As
a result of this working principle, these devices have been successfully employed as chemical
and biological sensors [24,26]. In OECTs based on PEDOT:PSS, the gate electrode [27], the
device architecture (ratio between the channel and gate areas, channel geometry) [28,29], and
the materials properties play an important role in the sensor performance.

PEDOT:PSS-based OECTs can operate either as ion-to-electron converters or as
electrochemical sensors [29]. In OECTs that are used as ion-to-electron converters, a transient
ionic current is converted into a change in the drain current. The application of a positive gate
voltage causes an ionic current in the electrolyte. Cations from the electrolyte migrate into the
conducting polymer and de-dope it, leading to the decrease of the drain current. It has been
demonstrated that for operation as ion-to-electron converters, the use of a gate electrode that is
much larger than the channel or a non-polarizable gate electrode improves the sensor
performance [29].

In OECTSs that are used as electrochemical sensors, charge transfer reactions between
a species in the electrolyte and the gate electrode change the potential of the electrolyte,
inducing a change in the drain current. For operation as electrochemical sensors, OECTs with
gate electrode smaller than the channel exhibit higher sensitivity [29]. AII-PEDOT:PSS OECTs
can be used as electrochemical sensors for the determination of redox active species (like
adrenaline, dopamine and AA) by exploiting the ability of this polymer to electrocatalytically
oxidize such molecules at the gate electrode [21,30,31]. In particular, PEDOT can directly
oxidize AA according to the following reaction scheme:

Ared

2PEDOT* + 2e- =——= 2PEDOT®
Aeq+ 2PEDOT* o A_ .+ 2PEDOTO+ 2H*

== A, +2e +2H*

(2)

In addition, all-polymer sensors offer many advantages with respect to devices with
metal gate electrode such as lower cost, easier fabrication and the possibility to be patterned in
a flexible substrate.

In this communication, we report on the use of all-PEDOT:PSS OECTs as
electrochemical sensors for the detection of AA in food. The performance of these OECTs was
tested first with in lab-prepared solutions of AA with different concentrations. The effect of
the geometry on the transistors performance for AA sensing was also investigated by
comparing OECTs with different channel and gate areas ratio. Finally, the OECTSs response
was also measured in a commercial orange juice, in order to demonstrate the reliability of the
proposed sensors in real food samples.

57



Publicaciones

2. Materials and methods

Preparation of PBS solution: A 0.1M Phosphate Buffered Saline (PBS) solution was
prepared by dissolving K2HPO4 (Scharlau, Spain) and KH2PO4 (Scharlau, Spain) in Milli-Q
water. The PBS solution had a pH of 4.8 as measured by pH meter.

Preparation of ascorbic acid solutions: Solutions were prepared by dissolving AA
(Scharlau, Spain) in PBS solution with different molar concentrations (10°M, 107M, 10°M,
10°°M, 10M, 10°M and 10M).

Orange juice: Commercial ready-to-drink orange juice (Hacendado, Spain) purchased
from a local supermarket was used as a model real sample. The selected product contains,
according to the label, 48 mg/100ml of Vitamin C. The juice was twice diluted with the PBS
solution and used without further probe preparation.

Transistor Fabrication: Commercially available PEDOT:PSS C2100629D1 (Gwent,
UK) with 500-700 Q/sq was used as the active material for the fabrication of the OECTSs. The
channel and the gate were obtained by screen-printing PEDOT:PSS over a polyester film.
Screen-printing was performed with PET 1500 165/420-34W/32um mesh screen (Sefar, USA)
and Dirasol 132 UV film (Fujifilm, USA). The final screen thickness was 55 pm. UV light was
used to transfer the OECT pattern to the screen. The PEDOT:PSS ink was re-dispersed for 1
hour at 1000 rpm before printing. Printing was carried out using an Aurel 900 screen-printer
with 75° shore hardness squeegee, 1 bar force and 0.2 m/s. Transparent and flexible Melinex
ST506 polyester (DuPont Teijin Films, UK) of 175 um thickness was used as substrate,
previously cleaned with acetone, ethanol and deionized water. Finally, the OECTs were cured
in an air oven at 100°C for 10 minutes.

Electrical Measurements: All measurements were performed using a Keithley 4200
semiconductor characterization system.

High Performance Liquid Chromatography (HPLC): A LaChrom Elite system
(Hitachi, Japan) equipped with an L-2400 UV detector, an L-2130 pump and an L-2200 auto
sampler was used for HPLC analysis. To determine AA in the orange juice [32], 1 ml sample
was extracted with 9 ml 0.1% oxalic acid for 3 min and immediately filtered before injection.
The separation was carried out on an Ultrabase-Cis column (250 mm x 4.6 mm) using 0.1%
oxalic acid as the mobile phase at a flow rate of 1 ml/min. Samples were injected three times
in HPLC with a 20 ul injection volume. The AA peak was detected at 243 nm and at 25°C. The
analysis was carried out by EZChrom Elite software (Agillent Technologies, USA).

Determination of the antioxidant activity: The antioxidant activity of the orange
juice was assessed by means of the ABTS method for total antioxidant activity [33]. This
technique measures the relative ability of antioxidant substances to scavenge the 2.2°-
azinobis(3-ethylbenzothiazoline-6-sulfonate) radical cation (ABTS**). ABTS** was prepared
by mixing an ABTS stock solution (15 mM) with potassium persulfate (4.8 mM). The mixture
(1:1) was allowed to stand in the dark at room temperature for 12h before use. The working
solution was prepared by dissolving ABTS** radicalized solution in ethanol to an absorbance
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of 1.1 £ 0.002 at A = 734 nm. The spectrophotometric assay was performed by mixing 2850 pl
of the ABTS*" diluted solution with 150 ul of the sample. Discoloration following the sample
addition was determined by measuring the decrease of absorbance at 734 nm for 30 min at
20°C. Appropriate solvent blanks were run for correction of the absorbance at each time.

3. Results

The screen-printed OECTs are composed of two parallel rectangular PEDOT:PSS
stripes that act as channel and gate (Figure 2). OECTs with two types of geometries were
designed, by modifying the ratio between the channel and gate areas y = Ach/Ag (Where Ach is
the channel area and Ag is the gate area) (Table 1). Both OECTSs are asymmetric devices with
vy =0.5 and y =2, respectively. The electrolyte is confined by a polydimethylsiloxane (PDMS)
well (1.7x1.1x1 cm) in a small area (dashed line in Figure 2) that partly covers the channel and
the gate.

0.5mm 1mm

TYPE 1
Y=0.5 =2

Figure 2. Schematic representation of the devices layout with different geometry.

Table 1. Geometric characteristics of the two types of OECTSs.

Typel Type 2
Channel width (We) (mm) 0.5 1
Channel length (L) (mm) 8 8
Wen/Leh 0.0625 0.125
Channel area (Aw) (mm?) 4
Gate area (Ag) (mm?) 8
Y = Aa/Aq 0.5

3.1. Electrical characterization of the OECTs in PBS solution

These screen-printed OECTs were initially characterized in PBS solution. The output
characteristics, the transfer characteristics and the current modulation of these two OECTs were
determined and compared. The output characteristics were obtained by measuring the drain
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current (Ips) as a function of the drain voltage (Vbs) for different gate voltages (Ves). Results
show that the geometry has large influence on the output characteristics of these transistors
(Figure 3). OECTs with small area ratio (y=0.5) exhibit strong modulation of the drain current,
while the modulation of this current is weaker for transistors with large area ratio (y=2) [29].
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Figure 3. Output characteristics of the OECTs with different values of .

Concerning the transfer characteristics of these OECTS, these were obtained plotting
Ios (normalized to its maximum value) vs Vs from 0V to 0.5 V, under constant drain voltage
(Figure 4a). Results confirm that OECTs with larger gate electrode than the channel (small y)
display higher modulation of the drain current. In contrast, OECTs with smaller gate electrode
than the channel (large y) show little modulation of the drain current and remain in the on state
for a wider range of the applied Ves [29].

1,04
VR
08+
07
06

0,54

lDS/IDS max

0,4+
0,34
0,24

0,14

Vps=-0.6 V

—a
—

~

1,04
(O
Y=2

0,84

e 0,74

.\
~ey=05 0,64

Alp/l,

0,54
0,4+
0,34
0,24

0,14

0,0
0,0

T
0,1

T
0,2

T
03
VGS (V)

07 Vpe=-0.6 V

T T 1
04 0,5 0,6

00 4—R—"

Figure 4. Curves of the OECTSs with different values of y (Vs = -0.6V): (a) normalized Ips VS Vs
and (b) current modulation Alps/l VS Vs.
Finally, the current modulation (Albs/lo) of these OECTs was obtained as a function of

the gate voltage for different values of vy:
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where Ips is the off current (Ves#0) and Io is the on current (Ves=0). Current modulation
strongly decreases with increasing the area ratio (Figure 4b). OECTs type 1 with small y exhibit
strong modulation throughout all the investigated Vs range, while OECTSs type 2 with large y
exhibit little modulation.

This is in good agreement with the idea that two regimes can be identified in OECTSs
operating like electrochemical sensors [34]: a non-Faradaic regime (in the absence of analyte)
where the polymer doping is coupled to the charging of an ionic double layer at the gate
electrode, and a Faradaic regime (in the presence of analyte) where doping/dedoping is coupled
to a redox reaction at the gate electrode.

Here, in the absence of AA, with just PBS in the electrolyte reservoir, there is no charge
transfer between the electrolyte and the gate electrode, and OECTSs operate in the non-Faradaic
regime. The electrolyte potential (V,,), in this case, is determined by the capacitances
associated with double layer formation at the gate and the channel [35]:

Vsol = VGS/(1 + (CchAch/CgAg)) ~ VGS/(1 + V) (4)

where c¢, and cg are the channel and gate capacitances per unit area, respectively. If it is
assumed that these capacitances are similar, the electrolyte potential only depends on the ratio
between the channel and gate areas (y) [29]. In OECTs with larger gate electrode than the
channel (y<1), the electrolyte is nearly at the same potential as the gate electrode. This leads to
a large potential drop at the electrolyte/channel interface, resulting in a strong modulation of
the drain current. In contrast, in OECTs with smaller gate electrode than the channel (y>1), the
electrolyte is nearly at the same potential than the channel. This results in a small potential drop
at the electrolyte/channel interface, which in turn leads to a weak modulation of the drain
current. Therefore, for operation in the non-Faradaic regime, the current modulation of these
OECTs decreases strongly with 1.

3.2. OECTs response in ascorbic acid solutions
Effect of the geometry

Next, the response of the OECTs was tested in AA solutions of concentrations ranging
from 108M to 102M. The gate-source current (les) was initially measured as a function of Ves
and AA concentration for the two types of OECTSs. les can be used as a fingerprint of the
operation regime of the transistors (non-Faradaic or Faradaic), since this is due to capacitative
effects and/or charge transfer reactions at the gate electrode [27]. Results show the presence of
a large lgs in both devices for high concentrations of AA (>10*M), consistent with the presence
of Faradaic processes at the gate electrode (Figure 5). In contrast, both transistors show a small
Ics at low concentrations of AA (<10°M), indicative of a non-Faradaic operation regime.
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The current modulation (Alps/lo)
was obtained as a function of AA
concentration for various values of Vs,
where Ipg IS considered at zero
concentration (no analyte) and at
concentration of interest. This normalization
facilitates  comparison  between the
transistors with different geometry. The
three-dimensional plots for the OECTs with
different y are shown in Figure 6. The
operation of these two OECTs vyields a
response that is dependent on AA
concentration and Ves, confirming that
these devices can be used as AA sensors. In
particular, the drain current increases with
concentration, being this change larger as
Vs increases [27,28,35]. These changes
are, however, more significant for OECTs
with large y (type 2). These results indicate
that for detection of AA, OECTs with
smaller gate electrode than the channel
display stronger current modulation [28].
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The influence of the ratio of the channel to gate areas in the response of these
OECTs is highlighted by comparing the current modulation of the transistors with
different values of y, in AA solutions of various concentrations, at fixed Ves (Figure 7).
Results yield typical S-shaped curves characteristic of sensors, consisting of three distinct
regimes [28]. First, for low concentrations ([AA]<10°M), a background Alps/lo is
obtained. This background signal is independent on concentration and is of non-Faradaic
origin, as previously shown in Figure 5. Then, Alps/lo increases with concentration (10°
*M<[AA]<102M). The current modulation is therefore enhanced in the presence of AA
due to the Faradaic contribution that exists in this concentration range, as seen in Figure
5. For high concentrations (JAA]>10"2M), Alps/lo tends to saturation. Saturation occurs
when the electrolyte potential becomes similar to the applied gate voltage, and further
addition of analyte does not result in further de-doping of the channel [28].
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Figure 7. Response of the OECTSs with different values of y as a function of AA concentration
for Vps = -0.6V and Vs = +0.5V.

These results demonstrate that y has a pronounced effect on the background signal
and sensitivity (slope of the normalized response vs AA concentration) of these devices.
The background value decreases with v, whereas sensitivity increases with y (OECTSs type
1 and type 2 show a sensitivity of 15.4 pA.dec™ and 61.2 uA.dec?, respectively). This
means that transistors with smaller gate electrode than the channel (large y) display small
background signal and high sensitivity. In contrast, the saturation and detection range
seem to be rather independent of y. Saturation of Alps/lo seems to be at the same value
and for the same AA concentration, regardless the value of y. The minimum and
maximum detectable concentrations are about 10°M and 102M, respectively, for both
devices. These results are in good agreement with those reported by Cicoira et al. for
PEDOT:PSS-based OECTs used for the detection of hydrogen peroxide via
electrochemical oxidation at a Pt gate electrode [28].

In the presence of AA, the OECT operates in the Faradaic regime, since
introduction of AA in the electrolyte results in charge transfer to the gate electrode
according to the following reaction:

AAyoq & AAyy, +2H* + 2e” (5)
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This transfer of electrons between the electrolyte and the gate electrode raises the
electrolyte potential (V) by a value described by the Nernst equation [34]:

Veor = [Ves/(1 + y)] + (kT /2e) In[AA] + constant (6)

where k is the Boltzmann constant, T is the temperature, e is the fundamental charge, c is
the concentration of AA, and the constant contains details such as the formal potential.
Therefore, the addition of AA results in the decrease in the potential drop at the
gate/electrolyte interface, which leads to the subsequent increase in the potential drop at
the electrolyte/channel interface, since the gate is held at constant voltage. In OECTs with
smaller gate electrode than the channel (large y), a small Vg, is favored in the absence of
AA (as confirmed previously by the characterization of these devices in PBS solution).
Consequently, in OECTSs with large vy, the modulation caused by the addition of AA will
be proportionally larger than in OECTSs with larger gate electrode than the channel (small
v). This can explain the dependence of the sensitivity and current modulation on
v observed for these transistors: OECTs with large y display higher sensitivity and better
modulation for AA sensing. These observations are also in good agreement with the
findings of Cicoira et al. for H202 sensors [28].

Effect of AA concentration on the OECTs response

Since OECTs with large y (type 2) have shown the best performance for AA
sensing in terms of sensitivity and current modulation, these transistors were chosen to
further analyze the effect of AA concentration on their response. Although not shown
here, similar results were obtained for OECTSs type 1.

The redox reaction described above that occurs when AA is added to the
electrolyte, also affects the source-drain current. This is illustrated in Figure 8a, which
displays the transfer characteristics of OECTSs type 2 for different AA concentrations. In
all the investigated AA concentration range, Ips decreases with increasing Ves due to de-
doping of PEDOT:PSS in the channel. However, the presence of AA clearly affects the
transfer characteristics. With increasing AA concentration, the current modulation
increases. In particular, modulation is enhanced for high AA concentrations ([AA]>10"
“M) due to the Faradaic contribution that exists in this concentration range. These
observations are consistent with Figures 5 and 7.

The gate voltage can be scaled to yield a universal curve according to [35]:
‘/c;sz =Ves + Voffset (7)

VEL is the effective gate voltage, that is defined as the equivalent voltage that needs to be
applied in the absence of Faradaic effects at the gate electrode to obtain the same Ips.
Vosiser 1S an offset voltage that depends on AA concentration. It describes the Faradaic
contribution to VET and originates from the shift in the chemical potential described by
the Nernst equation (Eq. 6):

Vorfset = (1 +y) (kT /2e)In[AA] + constant (8)
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This universal curve agrees with the typical transfer characteristics of a depletion mode
transistor, showing the monotonic decrease of Ips with increasing the gate voltage (Figure
8b).
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Figure 8. OECTs type 2 (y=2): (a) Ips as a function of applied Vs for a fixed drain voltage
(Vbs=-0.6 V) and various AA concentrations and (b) Ips as a function of effective gate voltage.

The effect of AA concentration on the transistors response is highlighted in Figure
9, in which Vg 0f OECTSs type 2 is plotted as a function of AA concentration. The
gating of the transistors is clearly affected by the presence of AA. A logarithmic behavior
(reminiscent of the Nernst equation) is observed for AA content in the range 10°M and
10-2M, consistent with the charge transfer reaction that occurs at the gate electrode for
these concentrations (Figure 5).

The limit of detection (LOD) of these OECTs was obtained to evaluate their
performance in AA solutions. LOD was calculated as the concentration that leads to a
signal three times higher than experimental noise:

LOD = 3Sbl/a (9)

where (Shl) is evaluated as the standard deviation of the blank signal (PBS) and a is the
slope obtained by linear fit. The LOD values estimated for OECTSs type 1 and type 2 are
107.7 uM and 80.1 pM, respectively. This confirms that OECTs with large y show the
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best performance for AA sensing, also in terms of LOD. These LOD values are, however,
somewhat higher than that reported recently by Gualandi et al. for another all-
PEDOT:PSS OECT for AA sensing [30]. The lower LOD obtained by these authors can
be attributed to the different geometry of their proposed OECT (larger y and lower
Wen/Lch ratio). Taking into account that AA content in food rich in Vitamin C does not
exceed the mM range [36], these transistors can be considered sensitive enough for
quantitatively monitoring AA in food.
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Figure 9. Dependence of the offset voltage on AA concentration for OECTSs type 2.

3.3. OECTs response in orange juice

Finally, the OECTs were used to measure AA in commercial orange juice, to
assess their response in real food samples. AA determination in orange juice was
performed with OECTSs type 2 with large y, which have shown better sensitivity, current
modulation and LOD in the previous tests with in-lab prepared AA solutions. The change
in Ips was used to determine the AA concentration in the orange juice, which was found
to be equal to 52.80 mg/100ml. This value is in good agreement with the amount of AA
in the juice obtained by HPLC, which was equal to 56.71 mg/100ml, and with that
reported by Rapisarda et al. for fresh “Valencia Late” orange juice (51.37 mg/100 ml)
[37].

The antioxidant activity is an overall measure of the different antioxidant
compounds that are present in a sample. In orange juices, these include AA but also
carotenoids and, especially, phenolics (like flavonoids and phenolic acids), among others.
The antioxidant activity of the orange juice was evaluated using the ABTS method. An
antioxidant activity of 7.79 mM was obtained, which is equivalent to 130.3 mg/100 ml,
and is in good agreement with that reported by Rapisarda et al. (7.4 mM) [37].
Comparison of the antioxidant activity and the amount of AA in the orange juice confirms
that, besides AA, this juice contains other antioxidant compounds. Furthermore, since the
AA content measured with the OECT has been found to be in good agreement with that
determined by HPLC and with values reported in the literature, this suggests that these
transistors can be considered promising candidates for selective AA detection. This
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preliminary conclusion should be however confirmed by performing additional cross
experiments with interfering antioxidants present in orange juice.

4. Conclusions

The use of all-PEDOT:PSS OECTs as electrochemical sensors for the
determination of AA content in food has been assessed. OECTs were prepared by screen-
printing the organic semiconductor over a flexible substrate. The performance of these
OECTs was first tested with in lab-prepared solutions of AA with different concentrations
ranging from 10®M to 10°M. Measurements of the gate-source current indicate that for
low AA concentrations (up to 10°M), these OECTs operate in the non-Faradaic regime,
whereas for high AA concentrations (up to 102M), Faradaic processes occur at the gate
electrode, resulting from the ability of PEDOT:PSS to electrocatalytically oxidize AA.
The Faradaic contribution in this concentration range greatly enhances modulation of the
drain current and the gating of the transistors.

The effect of the geometry on the performance of these devices for AA sensing
was additionally investigated by comparing two OECTs with different channel and gate
areas ratio (y), in terms of current modulation, sensitivity and background signal. It was
found that the response to AA is improved in OECTs with smaller gate electrode than the
channel (large y), which display smaller background signal that results in higher
sensitivity and larger modulation by the addition of AA to the electrolyte. OECTs with
large y also display better LOD value (80.1 uM), confirming that this geometry shows the
best performance for AA sensing. Since the AA content in food rich in Vitamin C is in
the mM range, these transistors can be considered sensitive enough for quantitatively
monitoring AA in food.

To demonstrate the reliability of the proposed sensors in real food samples, the
OECTs were used to measure the AA content in a commercial orange juice. The amount
of AA obtained with the OECTs is in good agreement with that determined by HPLC and
with values reported in the literature for orange juices. Furthermore, these OECTS can be
considered promising candidates for the selective detection of AA in the presence of other
interfering antioxidants.
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A measuring module has been specifically designed for the electrical characterization of organic semiconductor devices such as
organic field effect transistors (OFETs) and organic electrochemical transistors (OECTs) according to the IEEE 1620-2008
standard. This device has been tested with OFETSs based on 6,13-bis(triisopropylsilylethinyl)pentacene (TIPS-pentacene). The
measuring system has been constructed using a NI-PXIe-1073 chassis with integrated controller and two NI-PXI-4132
programmable high-precision source measure units (SMUs) that offer a four-quadrant + 100 V output, with resolution down to
10 pA. LabVIEW™ has been used to develop the appropriate program. Most of the main OFET parameters included in the IEEE
1620 standard can be measured by means of this device. Although nowadays expensive devices for the characterization of
Si-based transistors are available, devices for the characterization of organic transistors are not yet widespread in the market.
Fabrication of a specific and flexible module that can be used to characterize this type of transistors would provide a powerful

tool to researchers.

1. Introduction

Latest trends in the electronics industry are focused on look-
ing for alternatives to inorganic semiconductors (based on
silicon) by organic semiconductors in some applications,
namely, transistors [1, 2], light-emitting diodes [3, 4], photo-
voltaic cells [5, 6], displays [7], sensors [8, 9], and even inte-
grated circuits [1, 10]. These new devices use the same
circuits and mechanical structures than inorganic devices,
with the advantage of being easier to develop and setup by
conventional chemical techniques. Standards describing the
fabrication procedures of these organic devices already exist,
and substrates and other raw materials for their fabrication
are commercially available at low cost [11-13].
Development of these new electronic devices requires
their electrical characterization by means of the appropriate
equipment [14]. Devices used so far for this purpose are those

traditionally used for the characterization of Si-based tran-
sistors, since the operation of organic transistors can be
explained on the basis of the Si semiconductors theory, with
a good approach. However, it is of great interest to develop
devices that allow organic transistors to be specifically
studied and that could contribute therefore to improve the
understanding of their operation. Characterization of these
new electronic devices is hindered by the very low electrical
current they provide (around 107° A), with the further diffi-
culty that they usually require high voltages (tens of volts).
Moreover, commercial systems that fulfill these characteris-
tics are very expensive.

This work aims at describing a measuring device that has
been specifically designed to study organic transistors, using
exclusively low-cost commercial components and a software
that has been specially developed for this application. The
device described here has great flexibility, since it can be used
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for different types of transistors. Finally, this module has
been used to characterize an organic field effect transistor
(OFET) based on TIPS-pentacene.

OFETs have attracted increasing attention in the past
decades due to their potential application as sensor systems
for the detection of chemical species [15]. OFET's show supe-
rior performance compared to resistor-type, amperometric,
and potentiometric sensors, and the amplification inherent
to transistors enhances their sensitivity [16]. Moreover,
OFETs are low cost and flexible devices that offer several
opportunities for selectivity, among others, to polar vapors
[17] and vapors of small-molecule analytes [18].

2. Materials and Methods

2.1. OFET Fabrication. Prefabricated OFET test chips based
on low-density silicon oxide (SiO,) substrate have been used
(Ossila Ltd., Shefhield, UK). Each unit consists of 5 bottom-
contact/bottom-gate transistors, with 30 um channel length
and 1mm channel width, gold/chrome electrodes in the
active area and chrome/aluminum electrodes in the contact
pads. The substrate consists of a highly p-doped (Boron)
silicon wafer coated with 100 nm thick layer of SiO, on both
sides (Table 1). The doped silicon and the oxide layer provide
the gate and the dielectric, respectively. A detailed schematic
of the substrate is displayed in Figure 1.

TIPS-pentacene (6,13-bis (triisopropylsilylethinyl) penta-
cene) has been used as a semiconductor in these OFETs
[19]. This compound is a dark blue solid that is commercially
available in the form of small crystals that can be dissolved in
anisole, decane, toluene, and so on. Traditional deposition
methods of TIPS-pentacene are drop-casting and spin-
coating. In this work, drop-casting has proven to lead to bet-
ter results. A solution of 2% (in weight) of TIPS-pentacene
(Sigma-Aldrich, St. Louis, MS, USA) in a solvent mixture
containing 91% anisole (Sigma-Aldrich) and 9% decane
(Sigma-Aldrich) (in weight) has been used. 50 ul of the semi-
conductor solution has been deposited by drop-casting, posi-
tioning the substrate inside a Petri dish at 3.5° angle with
respect to the horizontal line of a flat hotplate at 50°C during
5 minutes. Immediately afterwards, the glass lid has been
swapped with filter paper. The substrate has been left to cool
down for 1 minute, taking caution that the solvent condens-
ing on the lid does not fall onto the substrate (Figure 2).

HMDS (hexamethyldisilazane) (Sigma-Aldrich) treat-
ment of the substrate surface by vaporization has been used
prior to the semiconductor deposition, in order to obtain a
nonpolar surface. For that, the substrate has been washed
with 2-propanol (IPA) (Sigma-Aldrich), rinsed with deion-
ized water, and air dried. The substrate was treated in a closed
Petri dish (sealed with parafilm) together with an 80 uL
HMDS vial during 4 hours. Figure 3 shows TIPS-pentacene
deposition by means of this technique. A dielectric thickness
of 300 nm was achieved.

The electrical characterization of this transistor has been
performed with the measuring device described in this work,
in order to test its proper operation. A detailed description of
this device and the results obtained for this TIP-pentacene
OFET are provided in the subsequent sections.

Journal of Sensors

TaBLE 1: Substrate specifications (Ossila).

Size/thickness 20 mm x 15 mm/725 + 25 ym
Growth/orientation CZ/(100)
Type/dopant p-type/Boron
Resistivity 5x107* to 107 Q/cm

Polished/etched
300 + 5% nm
~1.09x 10"® F/cm?

Front/back surface
Oxide thickness (SiO,)

Capacitance

2.2. Architecture of the Measuring Device. Current flowing
through a device is traditionally measured with an ammeter
and a power supply or a (power or voltage) generator. In
recent years, almost all of the top/medium of the range mea-
suring devices have communication ports that allow for con-
trol of the instruments (GP-IB, RS232, USB, Ethernet, etc.).
In order to plot the I-V characteristics of a device, it is
necessary to measure the drain-source current (I,q) and
the drain-source voltage (V) for fixed values of the gate-
source voltage (V). That is, a V¢ sweep is performed in a
certain interval for every selected value of Vg, while measur-
ing simultaneously I,y and Vp,g. This can be performed
manually, changing the applied voltage and measuring the
current point-by-point. Several programs that allow a gener-
ator and a measuring device to be controlled simultaneously
using a computer have now come on the market. Nowadays,
there are systems that can source a voltage (or electrical
current) and read back the associated current (or voltage)
simultaneously. These are called source and measurement
units (SMUs). A defining SMU characteristic is that they
have four-quadrant outputs. They are able to source power
in quadrants I and III, as well as sink power in quadrants II
and IV. The device developed in this work is based on the
NI-PXIe-1073 chassis (National Instruments, Austin, TX,
USA). This has been connected to the PCI-e bus of a com-
puter, in order to be controlled (either a laptop or a desktop
with Windows 7). This chassis accepts a variety of peripheral
module types to be installed. In this work, two NI-PXI-4132
SMU modules (National Instruments) have been selected.

Each one of these SMUs offers up to £100 V output (with
voltage programming resolution down to 50 4V, accuracy of
0.025%, and offset of 3 mV), with current measurement reso-
lution down to 10 pA, accuracy of 0.028%, and offset of 1 nA.
The combination of these features makes this system ideal for
the measurement of almost all the characteristics of organic
semiconductors. The only inconvenient is that OFET charac-
terization requires current sensitivity into the nanoamperes
range and below, which is comparable to the module offset.
This demands the use of calibration and compensation tech-
niques to ensure correct measurement.

The SMUs are in turn connected to an EverBeing PE-4
probe station (EverBeing Int’l Corp., Hsinchu, Taiwan), con-
sisting of three test probes, three micropositioners, and three
triaxial (coaxial) wires. A test probe is used in each one of the
terminals of the transistor (gate, source, and drain). The test
probes can be moved in several directions with the micropo-
sitioners, which allows for measurement of any type of



Journal of Sensors

()

u
u
Pe—— f— ™
Be—— f— ™
Pe—— — u
Source-drain mask Gate mask Active area mask
Insulator mask Substrate

(®)

FIGURE 1: (a) Schematic and dimensions of the substrate. (b) Fabrication layers (source: Ossila).
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FIGURE 2: (a) Chip preparation by drop-casting deposition (source: Ossila). (b) Top view of the chip with the pentacene solution drop.

FIGURE 3: Microscope photograph of one of the OFETs of the Ossila
low-density chip after deposition of a TIPS-pentacene layer.

transistor and wafer. The L wires of the SMU-1 and SMU-2
are connected to the source, the H wire of the SMU-1 is con-
nected to the drain, and the H wire of the SMU-2 is con-
nected to the gate. Due to the low-level current provided by
the organic transistors, 2 wire measurements are performed
for the characterization of these transistors. Figure 4 displays
the diagram of the complete device. An expansion card
has been inserted on the computer motherboard via the

PCI-e bus. The wire that has been used to connect the
computer with the PXI chassis is several meters long. This
allows the computer to be kept away from the device
under test (D.U.T.).

The device has been programmed so that measurements
and procedures meet the IEEE 1620-2008 standard for test
methods for the characterization of organic transistors and
materials [20], and the results can be comparable to those
obtained with commercial instruments. The device that has
been developed here is able to measure and plot transfer
curves (I versus Vi) and to calculate threshold voltage,
V1> carrier mobility, ¢, (both in the linear regime and the sat-
uration regime), on/off ratio, and so forth. It can also be used
to perform measurements in a certain time interval. This can
be useful to record the change in a magnitude with time
(i.e., Ing) or when a change in the characterization environ-
ment of the OFET occurs (i.e., when a pollutant is added).

3. Results and Discussion

3.1. Parameter Extraction Program. As previously men-
tioned, procedures for obtaining the characterization param-
eters have been developed according to the IEEE 1620-2008
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standard [20]. Test methods are mainly based on the deter-
mination of the following parameters:

(i) Transfer curves (I versus V), which allow for
determination of carrier mobility, 4, and threshold
voltage, V..

(ii) Output curves (Ing versus Vi), which allow for
determination of the channel resistance (Rjg) when
the device operates in the ohmic (linear) regime
and the characteristics of the saturation regime.
These curves can also be used to determine whether
the device exhibits FET-like behaviour.

(iii) Gate leakage curves (I versus V), which allow for
characterization of the gate dielectric quality and for
determination of the leakage current from the gate to
the channel (/¢yg0)-

The test system is controlled by a program that has been
developed using LabVIEW (National Instruments). Four
modules of this system are currently available: I, versus
Vs measurement, Ing versus Vg measurement, Ig versus
time measurement, and I, versus Vg measurement.
Figure 5 shows the flowchart of the different measurement
procedures of the test system.

3.1.1. Ipg versus Vg Module. This module is based on the
measurement of the drain characteristics. The drain current
(Ips) is measured versus the drain voltage (V) for different
gate voltages (V). Figure 6 shows a screenshot of this mod-
ule and Figure 7 displays the output curves corresponding to
the TIPS-pentacene OFET described previously. Configura-
tion of the following parameters is required to run this mod-
ule: Vg start, Vi,g stop, Vg step, Ing current limit, and Viyg
delay (dwell time). The dwell time corresponds to the dura-
tion from the time when the measurement voltage is applied
to the time when the measurement is recorded. This param-
eter is used to minimize measurement errors due to current
transients.

Two types of tests can be performed. The first test
(Vs sweep) consists of a scan between two selected values
of Vg that is, the Vi,g value is swept between two limits
for each Vg step. As a result, a set of curves is obtained. In
the second test (Vg fixed), a scan is performed for a fixed
Vs As a result, a single characteristic curve is obtained.

3.1.2. Iy versus V ;g Module. This module is based on a trans-
fer measurement (I versus Vg for a fixed Vp,g). This curve
allows for the determination of additional parameters like
threshold voltage (Vr), on/off ratio (I,,/I ), subthreshold
swing (S) and carrier mobility (¢). Moreover, measurements
can be performed either in the linear regime or in the satura-

tion regime.

(1) Linear Regime. Two types of scans can be performed for
the determination of I, versus Vg in the linear regime: sim-
ple (single linear scan) and hysteresis (there-and-back scan).
The threshold voltage (V) corresponds to the interception
with the x-axis (V) of the straight line with the same slope
in the linear part of the I;,g- Vg curve (Figure 8(a)). The on/
off ratio (I,,/I 4) can also be determined by dividing the
maximum Ing value by the minimum I,¢ value obtained
from the transfer curve.

The carrier mobility (¢) of the semiconductor can also be
derived through transfer curve measurement of the device, in
combination with geometric and electrical parameters of the
OFET that are additional inputs to be provided by the user.
Carrier mobility also requires knowledge of the slope of the
linear part of the transfer curve. The program developed here
allows for the determination of carrier mobility by means of
three different methods:

(i) Backward derivative (B.D.):

ppyo L L L Ing(Vah)-Ing(V)
WBD) = e VW n ’
(1)

(ii) Two-point derivative (T.P.):

1 1 L I -I _
ity L L L IV A (V)
DS

(2)

(iii) Least square fit derivative (alpha):

where Cox is the capacitance per unit area, V},q is the voltage
measured between the drain electrode and the source
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FIGURE 5: Flowchart of the test system.

electrode (fixed value), L is the channel length, W is the chan-
nel width, Iy is the current flow measured through the drain
electrode, and / is the step between two consecutive V. The
slope « is determined with three points of the curve by the
leas-squares method. Figure 9(a) shows an example of the
determination of carrier mobility using the backward deriva-
tive method.

(2) Saturation Regime. The OFET behaviour in the saturation
regime can be properly displayed in an I-V diagram, where
the square root of I,q and the logarithm of I, are plotted
versus V. Figure 8(b) shows an example of this diagram.
The threshold voltage (V) can be obtained similarly to that

of the linear regime, using the curve of the square root of
the drain current (Ig) versus the gate-source voltage (V).
The on/oft ratio (I,,/I ) can be obtained from the maximum
and minimum values of the curve of the logarithm of I;q
versus Vg. The subthreshold swing (S) corresponds to the
maximum slope of the log(I,g) versus Vg curve in the
saturation regime. Carrier mobility (4) in the saturation
regime can also be obtained similarly to that of the linear
regime (Figure 9(b)).

3.1.3. Measurements as a Function of Time. OFETs in general
have been demonstrated as effective sensors in both liquid
(H", glucose, hydrogen peroxide, Cu(Il) ions, etc.) and
gaseous environments (water vapor, chloroform, ammonia,
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FIGURE 6: Screenshot of the program running the I ;¢ versus Vg module.
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FIGURE 7: Ijg- Vg curves of the TIPs-pentacene OFET.

etc.) [15]. Response of these sensors is usually not imme-
diate, since the semiconductor has to react with the ana-
lyte. In order to study the OFET behaviour in transients,
a module that monitors changes of I,,q with time has been
included in the characterization program. By providing

values of Vs, Vpe and storage time, Iq values are dis-
played in real time. Furthermore, since sensing experi-
ments are usually performed while changing the analyte
concentration, the program developed here can also indi-
cate when the change in concentration occurs.

3.14. I, versus Vg Measurements. This is the most
demanding measurement of the acquisition system, since
I is very small and several orders of magnitude below Iyq
(which is also small by itself). Thus, to perform this measure-
ment, the sensitivity in the determination of V; by the SMU
must be enhanced as much as possible. This in turn leads to a
significant increase in the measurement time. Figure 10
shows an example of the gate leakage measurement per-
formed with this device.

3.2. Characterization of the TIPS-Pentacene OFET. The
main characteristic parameters of the TIPS-pentacene
OFET that have been determined in this work according
to the IEEE 1620-2008 standard are summarized in Table 2.
The threshold voltage that has been obtained is in good
agreement with that reported by Ossila for this transistor. A
better carrier mobility has been found than that reported by
Ossila [21].

3.3. Comparison with a Standard Semiconductor Test System.
A comparative measurement has been made between the
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equipment described in this work and a high-quality semi-
conductor characterization equipment (Keithley 4200A-SCS
Parameter Analyzer) to check its reliability. Figure 11 shows
the I versus Vg curves obtained with these two types of
equipment. An error of 4% has been found in the results of
our measuring module compared to those of the Keithley
equipment.

4. Conclusions

The unique properties of organic semiconductors cause mea-
surement issues that are not typically encountered with inor-
ganic semiconductors. This renders difficult the electrical
characterization of organic transistors, since commercial
devices have been all designed for characterizing Si-based
transistors. It is therefore of great interest to develop a device
that can be used for specifically testing organic transistors. In
this work, a low-cost device which allows for systematic char-
acterization of OFETSs has been developed. This measuring
device allows for easy determination of the minimum
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TaBLE 2: Characterization of the TIPS-pentacene OFET according to the IEEE1620-2008 standard.
Parameter Symbol Value Ossila
Stray capacitance Cap 697.38 pF at 100 KHz —
Stray capacitance Cas 685.28 pF at 100 KHz —
o Ips Saturation region =2 pA/V
Conductance 9,=9 0 Vs Linear region =28 pA/V B
Dwell time 500 ms —
Environmental conditions 26°C, 60% RH, dark, air —
Carrier mobili Saturation region = 15.10"° cm?/V's 0.38x107°
ty “ Linear region = 135.10"° cm®/V-s —
Gate leakage current Iss 125 pA —
On/off ratio 3291 —
Subthreshold swing 0.335 log(A)/V (Vpg=—40V, V5s=-5V) —
Threshold voltage Vi -11.79V (Vg =-25V) -12.99
1
Transconductance gy =0 % Vs 17.25 pA/V (Vpg=-25V) —
Keithley Equipment
1 1 1 1 " 1 L 1
r 0.0 oo
4.0 x 1077 r 4.0x 1077 A r
' <35 |
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FIGURE 11: I;,¢-Vpyg curves obtained with the Keithley 4200 A-SCS equipment and the equipment described in this work.

reporting parameters as specified in the IEEE 1620-2008
standard. As an example, this device has been used for the
characterization of TIPS-pentacene OFETs.
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Conclusiones

1. Conclusiones de los Resultados Obtenidos

Se han preparado mediante serigrafia, OECTs basados en PEDOT:PSS con diversas
geometrias para estudiar su respuesta en soluciones acuosas de cationes de diferentes
tamafios (Na* y Rodamina B). Inicialmente, se ha encontrado que la optimizacion de
la respuesta se puede lograr usando transistores con un area de puerta mayor que la
del canal. El efecto del electrodo de puerta se ha investigado posteriormente
comparando OECTSs con la misma geometria, pero con puerta de PEDOT:PSS o no-
polarizable (Ag). El funcionamiento de los transistores con puerta de PEDOT:PSS
produce una respuesta que no depende de la concentracién idnica. Los resultados
sugieren que en estos OECTs s6lo unos pocos cationes Na* migran al canal, mientras
que la migracion de cationes de gran tamafio como la Rodamina B se ve dificultada.
La débil modulacion de corriente de estos transistores se puede explicar asumiendo
que el PEDOT: PSS se comporta como un supercondensador. Por el contrario, los
OECTs con electrodo de puerta no-polarizable muestran una buena respuesta a ambos
cationes. La reaccion redox que tiene lugar en el electrodo de puerta debido a la
presencia de contra-iones CI" podria explicar la fuerte modulacion observada en estos
dispositivos. Por lo tanto, se puede concluir, que para la deteccion de cationes el uso
de OECTs con electrodos de puerta no-polarizable (como Ag) contribuye a mejorar
la respuesta. Por otro lado, los resultados confirman que la serigrafia puede
considerarse una técnica prometedora para la fabricacion de OECTs de bajo coste
para la deteccidn de cationes.

Se ha evaluado el uso de OECTs de PEDOT:PSS como sensores electroquimicos para
la determinacion del contenido de acido ascorbico (AA) en alimentos. El rendimiento
de estos OECTs se ha comprobado inicialmente con soluciones de AA de diferentes
concentraciones (108-102 M) preparadas en laboratorio. Las medidas de la corriente
de drenador indican que para concentraciones bajas de AA (hasta 10° M), estos
OECTs operan en régimen no faradico, mientras que para concentraciones altas de
AA (hasta 10 M) tienen lugar procesos faradicos en el electrodo de puerta, como
resultado de la capacidad que tiene el PEDOT:PSS de oxidar electrocataliticamente
el AA. La contribucion faradica en este rango de concentraciones mejora en gran
medida la modulacion de la corriente de drenador y la activacion de los transistores.
El efecto de la geometria en el rendimiento de estos dispositivos para la deteccion de
AA se ha investigado comparando dos OECT’s con diferentes relacion de areas de
canal y puerta (y), en términos de la modulacion de corriente, sensibilidad y sefial
base. La respuesta al AA se mejora en los OECT’s con electrodos de puerta mas
pequefios que el canal (y grande). Estos transistores muestran una sefial base mas
pequerfia que resulta en una mayor sensibilidad y mayor modulacion de la corriente en
presencia de AA. Los OECT’s con y grande también muestran un mejor limite de
deteccion (80.1 uM), lo que confirma que esta geometria proporciona un mejor
rendimiento para la deteccion de AA. Dado que el contenido de AA en alimentos ricos
en vitamina C se encuentra en el rango mM, estos transistores pueden considerarse
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suficientemente sensibles para monitorizar cuantitativamente el AA en alimentos.
Para comprobar la fiabilidad de los sensores propuestos en muestras de alimentos
reales, se ha medido con estos OECT’s el contenido de AA en zumo de naranja
comercial. La cantidad de AA determinada con los OECT’s concuerda con la medida
por HPLC y con los valores de la bibliografia para zumos de naranja. Ademas, estos
OECT’s pueden considerarse candidatos prometedores para la deteccion selectiva de
AA en presencia de otros antioxidantes interferentes.

Se ha disefiado un equipo especifico de bajo coste y manejo sencillo, para la
caracterizacion eléctrica de transistores organicos de acuerdo con la norma estandar
IEEE 1620-2008. El equipo se ha fabricado utilizando un chasis de National
Instruments y dos médulos SMU programables de alta precision que permiten generar
tensiones de hasta £100 V, con una resolucion de 10 pA. El sistema de medida esta
controlado por un programa especificamente desarrollado con LabView™, que
permite medir la mayoria de los parametros de caracterizacion eléctrica de transistores
organicos incluidos en la norma IEEE 1620. Este equipo se ha testeado con OFET’s
basados en TIPS-pentacene. Dado que en la actualidad los dispositivos para la
caracterizacion de transistores organicos atn no estan muy extendidos en el mercado,
la fabricacion de un equipo especifico y versatil que permita caracterizar este tipo de
transistores resulta de gran interés.

Produccion Cientifica

La realizacion de esta tesis doctoral se ha llevado a cabo en el marco de los proyectos de
investigacion detallados a continuacion. Los resultados obtenidos durante su realizacion
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3. Lineas Futuras

En el momento de presentar esta tesis se esta participando en un nuevo proyecto de la
GVA con el titulo Desarrollo de Sensores para la Deteccion de Acido Ascorbico en
Alimentos Basados en Transistores Organicos Electroquimicos, que se prolongara hasta
finales de 2019. El objetivo es continuar con la linea de trabajo iniciada en esta tesis sobre
la aplicacion de OECTs como sensores de AA. En concreto, se pretende analizar el
rendimiento de estos transistores para la determinacion de AA en presencia de
interferentes y, posteriormente, en muestras reales de alimentos ricos en AA.

Por otra parte, se ha iniciado una nueva linea de trabajo para el desarrollo de dispositivos
OECT combinados con puertas moleculares, que permitan la liberacion controlada de
determinados compuestos en presencia de un analito. Si el compuesto liberado es capaz
de modificar la conductividad del semiconductor organico, se podra dotar de respuesta
eléctrica a sensores que tradicionalmente s6lo cuentan con respuesta Optica. Por el
momento, ya se han hecho algunas pruebas para detectar Cocaina y Candida albicans
con estos nuevos dispositivos, con resultados prometedores.
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