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Abstract 

Organic semiconductor materials offer the intriguing possibility to fabricate diodes, 
transistors and circuits on flexible substrates using cost-effective mass printing 
processes. However, the fabrication of fully printed devices is challenging due to the 
properties of the organic materials and limitations set by the manufacturing processes. 
The published research in the field of organic electronics mainly concentrates on 
traditional fabrication methods such as photolithography and vacuum processing. With 
printing processes, it could be possible to manufacture relatively simple, high-volume 
products on a continuous production line. 
 
Diodes are basic electronic components that are commonly used as switches and in 
rectifier circuits. Several groups have fabricated circuits based on organic diodes, but 
there are only a few reports on printed devices. For printed organic rectifying diodes, 
the published results usually exhibit relatively high leakage currents and/or poor 
stability in ambient atmosphere. The work done for this thesis concentrated on the 
fabrication, properties and applications of air stable, roll-to-roll processable organic 
diodes on a flexible polyester substrate.  
 
The diode properties were examined using electrical characterization, atomic force 
microscopy, impedance spectroscopy and X-ray photoelectron spectroscopy. The data 
showed that a thin insulating interfacial layer of Cu2O and organic material at the 
rectifying contact reduces the diode reverse current up to 2 orders of magnitude 
without having a notable effect on the forward current. The high rectification ratio 
enabled the diodes to be used in a rectifier circuit, where rectification up to 10 MHz 
was observed. Furthermore, the diodes delivered output DC voltages of 10.4 V at 
13.56 MHz from 10 V zero-to-peak AC input voltage in a printed charge pump circuit. 
In addition, an active-matrix driving circuit employing printed diodes with an 
electrophoretic front plane material and a contrast ratio of 4:1 was demonstrated. 
 
The thesis discusses several aspects on how to improve the properties of the diodes. 
Future research should concentrate on examining the possibility to fabricate the 
interfacial layer, fabricating devices with printable semiconductors that exhibit higher 
charge carrier mobilities and examining the restrictions brought about by the printing 
process. The results of this thesis open up a path for further research in the area of 
printed organic rectifying diodes. 





 

iii 

 

Preface 

This work was carried out at UPM-Kymmene Corporation, Corporate Venturing and at 
the Department of Electronics at Tampere University of Technology during 2007 - 
2011. The work was funded by UPM-Kymmene Corporation and the Finnish Funding 
Agency for Technology and Innovation (Tekes). The work was also supported by 
Nokia Foundation, Ulla Tuominen Foundation, HPY Foundation, Tuula and Yrjö 
Neuvo Foundation and Jenny and Antti Wihuri Foundation.  
 
First, I would like to thank my supervisor Docent Timo Joutsenoja, who initiated the 
work related to my thesis and gave me the opportunity to start my studies. I also would 
like to thank my supervisor Professor Donald Lupo for his guidance throughout the 
work. The work would not have been completed without the expertise and help of 
Ph.D. Tomas Bäcklund, Ph.D. Himadri Majumdar, Ph.D. Giles Lloyd, M.Sc. Petri 
Heljo, Ph.D. Terho Kololuoma, M.Sc. Juhani Virtanen, Ph.D. Sampo Tuukkanen and 
Professor Ronald Österbacka. I am thankful to the pre-examiners Professor C. Daniel 
Frisbie and Ph.D. Jan Genoe for their comments and suggestions. I also want to thank 
all the co-authors of the publications as well as the organic electronics group and co-
workers at the Department of Electronics at Tampere University of Technology.  
 
Finally, I want to thank Henri, my family and all friends for their valuable support.  
 
Tampere, November 2011 
Kaisa Lilja 
 
 
 
 
 
 
 
 
 
 
 



iv 

 
 



 

v 

 

Contents 

Abstract i 

Preface  iii 

List of publications vii 

Contribution of the author ix 

Related publications xi 

Abbreviations and Symbols xiii 

1  Introduction 1 

2  Background 3 
2.1  Organic Schottky diode 3 

2.1.1  Current-voltage -characteristics 7 
2.1.2  Circuit model 8 

2.2  Printable organic electronics 9 
2.2.1  Gravure printing 9 
2.2.2  Gravure printing in printed electronics 10 

2.3  Applications for printed diodes 11 
2.3.1  Rectifier 11 
2.3.2  Charge pump 13 
2.3.3  Display driving circuit 14 

3  Experimental 19 
3.1  Materials 19 

3.1.1  Substrate 19 
3.1.2  Semiconductor 20 
3.1.3  Insulators 20 
3.1.4  Conductors 20 

3.2  Device structure 21 
3.3  Fabrication 21 
3.4  Measurements 22 



vi 

 

 

4  Results and discussion 25 
4.1  Diode cathode interface 25 
4.2  Diode rectifier 30 
4.3  Charge pump 33 
4.4  Diode display driving circuit 35 

5  Concluding remarks 39 

Bibliography 41 
 
  



 

vii 

List of publications 

This thesis is based on the work presented in the following publications:  
 

1 Enhanced performance of printed organic diodes using a thin interfacial 
barrier layer  
K. E. Lilja, H. S. Majumdar, F. S. Pettersson, R. Österbacka and T. Joutsenoja.  
ACS Applied Materials & Interfaces, 3 (2011) 7-10.  
Copyright: ACS Publications 

 
2 Effect of dielectric barrier on rectification, injection and transport 

properties of printed organic diodes  
K. E. Lilja, H. S. Majumdar, K. Lahtonen, P. Heljo, S. Tuukkanen, Timo 
Joutsenoja, M. Valden, R. Österbacka and D. Lupo.  
Journal of Physics D: Applied Physics, 44 (2011) 295301. 
Copyright: IOP Publishing  

 
3 Gravure printed organic rectifying diodes operating at high frequencies  

K. E. Lilja, T. G. Bäcklund, D. Lupo, T. Hassinen and T. Joutsenoja.  
Organic Electronics, 10 (2009) 1011-1014.  
Copyright: Elsevier B. V. 
 

4 Charge pump circuit using printed organic diodes and capacitors 
P. Heljo, K. E. Lilja, S. Tuukkanen and D. Lupo.  
Large-area, Organic & Printed Electronics Convention LOPE-C, Jun. 28-30, 
2011, Frankfurt, Germany, ISBN 978-3-00-034957-7, 53-55. 
Copyright: OE-A (Organic and Printed Electronics Association), Germany  
 

5 Printed organic diode backplane for matrix addressing an electrophoretic 
display  
K. E. Lilja, T. G. Bäcklund, D. Lupo, J. Virtanen, E. Hämäläinen and T. 
Joutsenoja.  
Thin Solid Films, 518 (2010) 4385-4389.  
Copyright: Elsevier B. V. 





 

ix 

Contribution of the author 

Publication 1. The author planned the experiments, fabricated the diodes, measured 
the diode characteristics and took part in the XPS and Kelvin Probe measurements. 
The author analysed the data, wrote the first draft and finalized it with co-authors. 
 
Publication 2. The author planned the experiments, fabricated the diodes, measured 
the diode characteristics and took part in the impedance spectroscopy, AFM and XPS 
measurements. The author analysed the data, wrote the first draft and finalized it with 
co-authors. 
 
Publication 3. The author planned the experiments, measured the diode characteristics 
and took part in the AFM and frequency measurements. The author analysed the data, 
wrote the first draft and finalized it with co-authors. 
   
Publication 4. The author took part in planning of the experiments and analysing the 
data. The experimental work was carried out by P. Heljo. The author took part in 
writing of the manuscript. 
 
Publication 5. The author planned the experiments, fabricated the display backplane, 
measured the diode characteristics and took part in the contrast measurements. The 
author analysed the data, wrote the first draft and finalized it with co-authors. 
 





 

xi 

Related publications 

1 Manufacturing of electronic components 
 T. G. Bäcklund, K. E. Lilja and T. Joutsenoja. 
 Patent Application PCT / FI2009 / 050613 
  
2 Gravure printed organic rectifier diodes for high frequencies  
 K. E. Lilja, T. G. Bäcklund, D. Lupo, T. Hassinen and T. Joutsenoja. 
 Large-area, Organic & Printed Electronics Convention LOPE-C, Jun. 23-25, 

2009, Frankfurt, Germany. 
 Copyright: OE-A (Organic and Printed Electronics Association), Germany 

 





 

xiii 

Abbreviations and Symbols 

AC  Alternating current 
AFM  Atomic force microscopy 
AM  Active-matrix  
Cu(e)  Evaporation-deposited copper 
Cu(s)  Sputter-deposited copper 
DC  Direct current 
HF High frequency  
HOMO  Highest occupied molecular orbital 
LC  Liquid crystal 
LUMO  Lowest unoccupied molecular orbital 
MIM  Metal-insulator-metal 
MS  Metal-semiconductor 
OLED  Organic light-emitting diode 
ORG  Organic layer 
OTFT Organic thin film transistor 
OX Oxide layer 
PEDOT:PSS  Poly(3,4- ethylenedioxythiophene):poly(styrenesulfonate) 
PEN Poly(ethylene naphthalate) 
PET  Poly(ethylene terephthalate)  
PM  Passive-matrix  
PMMA  Poly(methylmethacrylate) 
PTAA  Poly(triarylamine) 
RF  Radio frequency 
RFID  Radio frequency identification  
SCLC  Space-charge limited current  
TFT  Thin film transistor  
XPS  X-ray photoelectron spectroscopy 
A Diode area 
C Capacitance 
C1,C2,C3 Column electrodes 
CL Load capacitor 
CL1 1st load capacitor in a one-stage charge pump 
CL2 2nd load capacitor in a one-stage charge pump 

CS Pixel capacitor 



xiv 

D1 1st diode in a one-stage charge pump  
D2 2nd diode in a one-stage charge pump 

d Semiconductor thickness 
EC Conduction band energy 
EF,SC Fermi energy of semiconductor 
EF,M Fermi energy of metal 
Eg Band gap energy 
EV Valence band energy 
EVAC Vacuum energy level 
fmax Maximum operation frequency 
Im(Z) Complex part of diode impedance 
J Current density 
m Exponent of the power law JαVm 
n Density of free charge 
NA Density of dopants 
N Number of rows or columns in a display 
q Elementary charge 
qФB Schottky barrier energy 
qФM Work function of metal 
R Resistance 
R1, R2, R3 Row electrodes 
Re(Z) Real part of diode impedance 
RL Load resistor 
Rq Root mean square roughness 
tT Diode transit time 
Tg Glass transition temperature 
V Applied voltage 
Vbi Built-in potential 
Vc Column voltage 
VDC Output DC voltage 
VIN Input zero-to-peak AC voltage 
Vr Row voltage 
W Depletion region 
Wd Width of the depletion region 
x  Number of repeat units in a polymer 
ε0 Permittivity of vacuum 
εr Permittivity of semiconductor 
µ Semiconductor mobility 
ФB Schottky barrier energy (in eV) 
ФM Work function of metal (in eV) 
qχ Electron affinity 



 

1 

1 Introduction 

The discovery and development of conducting polymers by Heeger et al. in 1976  
[Hee01] initiated the rapidly growing research in organic electronics and devices such 
as sensors, organic photovoltaic cells, organic light emitting diodes (OLEDs), wireless 
identification tags, electronic paper and displays. Diodes are used in many of the 
developed circuit concepts, for example as rectifiers and simple switches. 
 
Several research groups have fabricated circuits based on organic diodes [Ste05, Ste06, 
Ai07, Myn08, Mut11], and there are reports on printed organic OLEDs and solar cells 
[Kop09, Chu10]. Printed diodes for applications that require high rectification ratios, 
such as half-wave rectifiers, have been reported, but mostly for materials that require 
processing in inert atmosphere. The published results usually exhibit relatively high 
leakage currents and/or poor stability in ambient atmosphere. The work done for this 
thesis concentrates on air stable organic diodes that have been fabricated using only 
roll-to-roll compatible manufacturing methods on flexible substrates. This thesis aims 
to explain the physical properties, performance and most promising applications of 
these diodes.  
 
In Chapter 2, the operating principle of an organic Schottky diode is presented and the 
diode properties are discussed. Also, the basics and background of half-wave rectifier 
circuits, charge pumps and display driving circuits are presented, with emphasis on 
circuits made with organic diodes. In Chapter 3 the experimental procedures used in 
this thesis are introduced. Chapter 4 presents a synopsis of the results in publications 
1-5. First, the results on the diode interface, performance and charge transport are 
presented (publications 1 and 2). Second, the results on the printed rectifying diodes, 
the printed charge pump circuit and the printed diode based display driving circuit are 
presented (publications 3, 4 and 5, respectively). Finally, Chapter 5 summarizes the 
results and gives recommendations for future research. 
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2 Background 

In this chapter the basic theory of printed organic Schottky diodes with a p-type 
semiconductor is given. The structure of a single carrier thin film diode is simple; it 
can be realized simply by sandwiching either an n-type or a p-type organic 
semiconductor between two metal electrodes. The physical phenomena at the two 
metal-semiconductor interfaces of the diode are not as trivial. Therefore, the physics of 
the Schottky contact and the charge carrier transport in an organic diode are discussed. 
Also, a short look into traditional printing methods is given, with focus on gravure 
printing. Finally, the diode applications relevant to this thesis are introduced. 

2.1 Organic Schottky diode 

In 1938, W. Schottky published "Halbleitertheorie der Sperrschicht" where he 
described the rectification of metal-semiconductor contacts by band bending in the 
semiconductor right at the metal interface [Sch38, Mön04]. The operation of a 
Schottky -diode, also called a metal-semiconductor (MS) diode, is based on the 
formation of a Schottky contact at a metal-semiconductor interface, as schematically 
depicted in Figure 2.1. Figure 2.1a) shows the electronic energy relations of a metal 
and a p-type semiconductor which are not in contact. The Fermi energy of the metal 
EF,M determines the metal work function qФM, where q is the elementary charge, 
measured from vacuum (EVAC). The semiconductor energy levels are presented by the 
conduction band edge EC, the valence band edge EV and the Fermi energy EF,SC. Also, 
the band gap Eg and the electron affinity qχ of the semiconductor are presented in 
Figure 2.1a). 
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Figure 2.1. The energy level alignment between a metal and a p-type semiconductor 
a) before contact, b) after contact. EVAC is the vacuum energy level, qФM is the metal 
work function, EF,M is the metal Fermi energy, EF,SC is the semiconductor Fermi 
energy, qχ is the semiconductor electron affinity, EC is the semiconductor conduction 
band edge, EV is the semiconductor valence band edge, qФB is the Schottky barrier 
energy and W is the depletion region. Adapted from [Sze07]. 

 
When the metal and the semiconductor are brought together, the positive charge 
carriers flow from the semiconductor to the metal and thermal equilibrium is 
established when the Fermi levels on both sides line up, as illustrated in Figure 2.1b). 
The charge flow causes the semiconductor bands to bend downwards and a thin 
depletion region W, where all mobile charges have diffused away, is formed. The 
valence band edge can be defined as 
 

χqEE += gV    (2.1) 

 
The Schottky barrier qФB between a p-type semiconductor and a metal is defined as 
the difference between EV and qФM [Sze07] 
 

)( MgB χφφ −−= qEq    (2.2) 

 
Respectively, for an n-type semiconductor (not depicted here), the Schottky barrier can 
be calculated as the difference between the metal work function and the conduction 
band edge of the semiconductor [Sze07] 
 

)( MB χφφ −= qq    (2.3) 
 
When using Equations (2.2) and (2.3), it has to be noted that the values of qФM are 
generally very sensitive to surface contamination. Also, an unavoidable interfacial 
layer and any interfacial effects will change the energetics at a metal-semiconductor 
interface [Sze07].  
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For organic semiconductors, the Schottky model is generally used to explain the 
energy alignment at the metal-organic interface. However, since electrical conduction 
in organic, conjugated materials is strongly related to the physical arrangement of the 
molecules [Ric00], the model cannot be directly applied. In inorganic semiconductors, 
the continuous energy bands are formed by highly delocalized electrons whereas in 
organic semiconductors the π -electrons in carbon-carbon covalent bonds are much 
more localized. The highest filled state and the lowest unfilled state in a conjugated 
molecule are referred to as the highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO), corresponding to the valence and 
conduction bands in inorganic semiconductors, respectively [Sko07]. Although several 
research groups have examined the energetics at the metal-organic interface both from 
modelling and experimental perspectives [Ish99, Hil00, Bra09], it is obvious that 
understanding of the various phenomena at the interface is not complete.  In this thesis, 
only some of the basic concepts of the energy level alignment at metal-organic 
interfaces are addressed.  
 
As discussed above, a thin depletion region W forms at the cathode interface in 
conventional inorganic MS diodes. Since polymeric organic semiconductors usually 
exhibit low charge carrier concentrations and thus low conductivities, the depletion 
region can expand throughout the thickness of the semiconductor [Cam97, Ric00, 
Bra10]. In conventional MS -diodes the width of the depletion region Wd is given by 
 

A

bir0
d

)(ε2
qN

VVW −
=

ε
   (2.4) 

 
where ε0 is the permittivity of vacuum, εr is the permittivity of the semiconductor, Vbi 
the built-in potential, V the applied voltage and NA the density of dopants [Sze07]. 
When the formula is applied for an organic semiconductor, NA can be equated to the 
density of free charge n, and Vbi to the work function difference between the anode and 
the cathode [Bra10].  
 
For constant field and carrier density across the depletion region, the density of free 
charge n can be estimated from the formula of current density J for ohmic conduction: 
 

d
VqnJ µ

=     (2.5) 

 
where d is the semiconductor thickness and µ the semiconductor mobility [Cam97].  
 
Usually, the charge carrier mobility of polymeric, organic semiconductors is in the 
order of 10-3 cm2/Vs and they exhibit low charge densities. As a consequence, the 
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width of the depletion region, calculated from Equation (2.4), can be several 
micrometers and the semiconductor in a diode structure is fully depleted. Thus, once 
the semiconductor and metal are brought into contact, the Fermi levels equilibrate by 
transfer of charge from the electrode with lower work function (anode) to the electrode 
with the higher work function (cathode). As a consequence, the metal-organic 
semiconductor-metal structure can be illustrated with tilted, rigid energy bands, as 
depicted in Figure 2.2. [Sko07]  
 

 
Figure 2.2. Energy diagram of an organic diode with a fully depleted p-type 
semiconductor a) under zero voltage, b) under forward bias, c) under reverse bias. 
LUMO is the lowest unoccupied molecular orbital of the semiconductor and HOMO 
is the highest occupied molecular orbital of the semiconductor. Adapted from 
[Bra10]. 

 
In Figure 2.2a), when there is no voltage across the diode, the Fermi energies of the 
anode and cathode align. When a positive voltage is applied on the anode in Figure 
2.2b), the diode is under forward bias. The positive charge carriers are injected from 
the anode contact to the HOMO of the semiconductor. From there, they move to the 
cathode. Under reverse bias in Figure 2.2c), the positive charge carriers have to cross 
an injection barrier between the work function of the cathode metal and HOMO of the 
semiconductor. Because of this energy barrier, the reverse current is very low. As long 
as the semiconductor is fully depleted, the field created by the applied bias is constant 
across the whole semiconductor. 
 
In a Schottky diode, the injecting contact should be ohmic. An ohmic contact between 
a metal and a semiconductor has negligible junction resistance relative to the total 
resistance of the semiconductor device. The contact should not significantly perturb 
the device performance and the voltage drop across the contact should be small 
compared with the drop across the active region of the device. [Sze07] In principle this 
sounds simple, since the energy levels can be measured before making the contact. 
However, since the energetics at the interface will change as the materials are brought 
into contact, forming a completely ohmic contact becomes complicated [Ish99, Sco03, 
She04, Bra09]. 

Anode

Cathode

b) V > 0

Anode

c) V < 0

CathodeAnode

a) V = 0

Cathode
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2.1.1 Current-voltage -characteristics 

The injecting, ohmic contact between a metal and a fully depleted semiconductor can 
be described as a contact where a metal injects charge carriers into an insulating 
material. The various theoretical approaches to the charge injection process have been 
explained in the literature [Ric00, Sko07], and have been summarized e.g. by Scott 
[Sco03]. Once enough charge has been injected into the semiconductor, the J-V -
characteristics of the semiconductor become limited by the injected space-charge, and 
follow the space-charge limited current (SCLC) -theory, originally presented by Mott 
and Gurney in 1940 [Ros55, Lam56]. The theory has been widely applied for organic 
diodes [Cam97, Ric00, Jai01, Jai07], and will be shortly described here.  
 
According to the SCLC -theory, the J-V -characteristics are ohmic and obey Equation 
(2.5) when the charge density, and hence the field induced by the charges, in the 
semiconductor is negligible compared to the field created by the applied bias. When 
the injected charge density becomes so high that the field due to the carriers 
themselves dominates over the field due to the applied bias, the current becomes 
space-charge limited and obeys  
 

3

2
0r

8
ε9
d
µVJ ε

=    (2.6) 

 
also known as Mott-Gurney law [Lam56, Jai07]. A simple log J - log V plot of an 
example diode is presented in Figure 2.3.   

 

 
Figure 2.3. Ideal log J - log V -characteristics of a single carrier organic diode with an 
ohmic contact without traps. Adapted from [Lam56]. 

 
In Figure 2.3, the semiconductor is assumed to be trap-free and the mobility 
independent of the electric field. At low voltages, the current is ohmic and the current 
density depends on the applied voltage linearly. At higher voltages, the current is 
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limited by the injected charge carriers in the semiconductor and the J-V -characteristics 
can be fitted to a J α V2 law, as described in Equation (2.6). This happens at a 
crossover voltage of ohmic and space-charge limited behaviour [Lam56, Cam97]. In a 
fully depleted organic semiconductor, where the injected charge carriers start to 
control the J-V -characteristics at very low voltages, also the crossover voltage is very 
low [She04].  
 
Generally an organic semiconductor will have trap states that lower the drift mobility 
of carriers and also lower the space-charge limited currents. In the region where trap 
states and interfaces play a role, the square law has the form J α Vm, where m > 2 
[Lam56, Cam97]. In this case, the current density curve in Figure 2.3 will initially 
follow Ohm's law and then lie below the space-charge limited current curve. 

2.1.2 Circuit model 

Modelling the diode structure by plotting the complex part of the diode impedance 
Im(Z) as a function of the real part Re(Z) (Cole-Cole plot) gives valuable information 
on the different regions in the diode. The modelling is done based on impedance data 
by using multiple parallel RC -components connected in series [Mei97, Sch98, Dre02]. 
The RC -components can be attributed to layers with different conductivities such as 
the depletion region or a contact interlayer with a lower conductivity. An extra series 
resistance is often used to model the contact between the semiconductor and the 
injecting metal. 
 
The simplest model for an organic diode with no contact effects is depicted in Figure 
2.4. In the circuit model, the resistor R describes the series resistance of the diode 
caused by the bulk semiconductor and the capacitor C describes the geometric 
capacitance created by the parallel diode contacts separated by a semiconductor with a 
dielectric constant of εr. 
 

 
Figure 2.4. a) Cole-Cole plot of an example diode, b) equivalent circuit model. Im(Z) 
is the complex part of the diode impedance, Re(Z) is the real part of the diode 
impedance, resistor R describes the series resistance of the diode and capacitor C 
describes the geometric capacitance of the diode. 
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The geometric capacitance C of the diode can be calculated from 
 

d
AC 0rεε

=     (2.7) 

 
where A is the diode area. Since changing the diode area changes both the resistance 
and the capacitance of the diode, the diode area has a profound influence on the diode 
behaviour in electrical circuits.  

2.2  Printable organic electronics 

Since the invention of the oldest known printing method, letterpress, where pictures 
were engraved on wooden plates, inked and printed on paper or other substrates, 
several different printing methods have been commercially established, each 
specialized for different production runs, inks and substrates [Oit98]. The main 
function of inks in traditional printing is to generate contrast and colour on paper. 
Solution processable electronic materials, such as organic semiconductors, would 
enable manufacturing of low-cost electronic components and circuits using efficient 
and economical printing processes. This requires materials that can be formulated to 
meet both the electronic requirements set by the desired end product as well as printing 
requirements set by the used printing method. 
 
Currently, the published research results in the field of organic electronics still mainly 
concentrate on traditional fabrication methods such as photolithography and vacuum 
processing. Ink-jet has become an attractive fabrication method since the publication 
of the first ink-jetted organic transistors by Sirringhaus et al. [Sir00]. Because of the 
relatively slow printing speed, ink-jet is mainly suitable for small, specialized 
production runs. High-volume printing methods (flexo, gravure, offset and screen 
printing) have been lately used for printing conductors [Mäk05, Zie05, Sch10] and also 
semiconductor components [Hüb07, Kop09, Chu10, Ham10, Vor10]. With these 
methods it is possible to manufacture relatively simple, high-volume products on a 
continuous production line. However, so far it has not been possible to fabricate 
completely mass manufactured organic components with adequate performance for 
commercial products. 

2.2.1 Gravure printing 

Gravure printing, invented in early 1900, is a mechanical printing method, where the 
ink resides in gravure cells of an etched cylinder from where it transfers to the 
substrate in a nip between two rotating cylinders, as presented in Figure 2.5a) [Oit98]. 
Before the nip, any excess ink is wiped off by a doctor blade. Gravure printing is a 
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high-quality and fast throughput printing method that is used for long production runs 
mainly because of the relatively expensive gravure cylinders.  

 
Figure 2.5. a) Schematical presentation of a gravure printing nip, b) close-up of the 
pixelated ink transfer process from the gravure cups onto the substrate. Adapted with 
permission from European Rotogravure Association [Eur11]. 

 
Traditional gravure printing is pixelated, i.e. characters and images consist of dots that 
are printed using small individual cells. Different levels of darknesses, also called 
halftones, are produced by varying the area and depth of the cells. [Oit98] A close-up 
of the pixelated ink transfer process from the gravure cups onto the substrate is 
presented in Figure 2.5b). Under microscope, the cell structure is visible in gravure 
printed text. When printing electronic materials that require continuous structures, the 
pixelated structure may be a problem.  
 
The printing ink plays a crucial role in all printing processes. In traditional printing, the 
ink consists of pigment particles (colour), binders and the carrier phase [Oit98]. The 
ink is formulated for each printing process and each printing substrate separately. The 
rheological properties of the ink determine how the ink acts in the ink transfer process. 
The most important properties are the ink viscosity and surface energy. These can be 
modified by choosing the right solvent, a solvent mixture or by adding different 
binders or additives. Also, the ink has to dry evenly during the drying process.  

2.2.2 Gravure printing in printed electronics 

Gravure printing is an attractive method for printed electronics because of the high-
quality and consistency printing results and fast throughput. The achieved dry layer 
thicknesses are in the order of hundreds of nm to a few µm, within the optimal range 
for the functional layer thicknesses in thin film transistors, diodes and capacitors. The 
required ink viscosities are moderate, in the order of tens to 100 mPas, which lowers 
the need for additives and allows low solid contents of the ink.  
 

a) b)
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Generally, organic semiconductor and conductor inks consist of a conjugated polymer 
which is dissolved in a solvent. Since a majority of the electronic polymers are barely 
soluble in common solvents, they need to be modified to increase the solubility, 
usually by adding substituents [Gam04]. This will have an effect on the electrical 
properties of the polymer. Organic semiconductors are also sensitive to additives used 
to improve printing quality or raise ink viscosity. The drying process also has an 
influence on the electrical properties of the ink and many times common curing 
methods, such as UV light, cannot be used. While paper is the most popular substrate 
in traditional printing, polyester films are usually used for printed electronics. Thus, 
inks need to be formulated to wet and dry evenly on polymer surfaces. 
 
One of the main challenges in using gravure printing for printed electronics is the cost 
of the process. In traditional printing, the cost of traditional printing ink is 
approximately 10% of the price of paper. With electronic inks, the cost can be 
significantly higher due to large ink reservoirs in printing presses [Gam04]. 
Furthermore, small, continuous structures that define the printing accuracy may be 
difficult to achieve with the common engraving methods that create small individual 
cells. More suitable engraving methods have been demonstrated but at higher cost 
[Oit98].  

2.3 Applications for printed diodes 

Since the performance of printed organic components does not meet the standards of 
conventional electronics yet, the applicability for electrical circuits is limited. 
However, the simple structure and relatively easy fabrication of printed diodes allows 
them to be integrated into simple circuits. In this thesis, the functionality and the 
applicability of the printed diodes are demonstrated by using a half-wave rectifier 
circuit, a charge pump circuit and a simple display driving circuit, which will be 
shortly presented in this chapter. 

2.3.1 Rectifier  

Diodes are used in radio frequency identification (RFID) tags to convert the AC 
voltage picked up by the antenna from a radio frequency (RF) -field to a DC voltage 
for the chip to use. For item-level tracking of consumer goods, low-cost RFID -tags are 
needed. To achieve this, the most costly process step, which is the attachment of the 
silicon chip onto the antenna, needs to be replaced by low-cost methods [Sub05]. 
Currently the process requires expensive conductive adhesives, high-accuracy 
registration and high speed from the chip attachment equipment. If the chip was 
produced simultaneously with the antenna using e.g. printing processes, RFID tag 
manufacturing would be significantly cheaper. One of the steps towards a low-cost 
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RFID tag is the development of highly rectifying, high frequency printed organic 
diodes. 
 
The simplest rectifier circuit, a half-wave rectifier, consists of a diode in series with a 
load capacitance CL to which a parallel load RL is connected, as presented in Figure 
2.6. During the positive half-cycle of the incoming zero-to-peak AC voltage VIN, the 
diode conducts and supplies power to the load. During the negative half-cycle the load 
capacitor discharges, maintaining the output voltage VDC that has been reached. The 
function of a rectifier circuit relies on low forward voltage drop and fast switching 
speed of the diodes. Thus, in conventional low-voltage rectifier circuits, Schottky 
diodes are normally used. [Lee07] 

 
Figure 2.6. Half-wave rectifier circuit used to measure organic diodes. VIN is the 
incoming zero-to-peak AC voltage, CL is the load capacitance, RL is the load 
resistance and VDC is the output DC voltage.  

 
In order for the tag to be used with the most common RF -frequency of 13.56 MHz, 
the rectifying diode needs to be able to work reliably at this frequency. This is 
challenging for printed organic diodes because of the intrinsically low charge carrier 
mobility of polymeric semiconductors. The reported results for organic and/or printed 
rectifying diodes are summarized in Table 2.1. [Ste05, Ste06, Ai07, Lin08, Myn08, 
Jun10, Kim10].  

 
Table 2.1. Reported performance of organic and/or printed rectifying diodes. 

 

VDC

VIN

CL
RL

f  [MHz] V IN [V] VDC [V] CL [nF] RL [Ω] Semiconductor Fabrication Reference
14 18 11 470 50k pentacene vac. processing [Ste05]

50 18 8 47 50k pentacene vac. processing [Ste05]
14 18 10 100 50k pentacene vac. processing [Ste06]

13.56 11 15* 0.02** 1M pentacene vac. processing [Myn08]
14 5 2 10 1M CuPc vac. processing [Ai07]
1 10 3.2 1000 *** polythiophene spin-coating [Kim10]

13.56 10 4 *** *** polythiophene spin-coating [Lin08]
13.56 10 5.5 *** *** polyanilline + ZnO printing [Jun10]

**C L 20 pF for both capacitors in the double half-wave rectifier circuit
***Not stated

*V DC generated using a double half-wave rectifier
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As shown in Table 2.1, the most promising results have been obtained using 
semiconductors deposited using vacuum processing of pentacene with output voltages 
up to 15 V and frequencies up to 50 MHz [Ste05, Myn08]. For spin-coated and printed 
diodes, the reported output voltages have been much lower, only 4 V to 5.5 V at 13.56 
MHz, but with lower input voltages [Lin08, Jun10]. The diodes reported by Jun et al. 
have a printed inorganic semiconductor, but the fabrication of the top aluminium 
contact requires inert atmosphere [Jun10]. Thus, there is a need for highly rectifying 
printed diodes that can be fabricated under ambient atmosphere.  
 
For experimental results, the -3 dB point is the most practical way to evaluate the 
diode frequency performance but it does not give information on the ratio of the 
supplied AC voltage to the rectified DC voltage. Steudel et al. have estimated the 
maximum theoretical frequency using the speed with which the charges consumed by 
the load RL at a DC voltage during one frequency cycle can be recharged onto the load 
capacitance CL by the current going through the organic diode during the fraction of 
the cycle in which the diode is in forward bias [Ste05]. Traditionally, the maximum 
operation frequency fmax can be estimated from the diode transit time tT given by: 
 

2
DCIN

T
max

)(1
d

VV
t

f
−

==
µ    (2.8) 

 
Here, fmax is assumed to depend solely on the time it takes for the charge carriers to 
move from one electrode to the other. Although this equation strongly overestimates 
the maximum frequency, it is a good indication of the upper frequency limit for the 
diode.  

2.3.2 Charge pump  

It has been estimated that in order to work properly an organic RFID chip would need 
a rectifier that can deliver a VDC of 10 V and a current of 100 µA from an incoming RF 
signal at 13.56 MHz [Ste06]. To achieve output DC voltages of over 10 V for organic 
diodes, charge pumps, double half-wave rectifiers and decoupling of the supply 
voltage VIN have been used [Ste05, Can07, Myn08, Mar10]. Whereas a double half-
wave rectifier can double the output voltage of the rectifier circuit, a charge pump 
circuit can convert the supply voltage VIN to a DC output VDC several times higher than 
VIN [Pal10]. The circuit has one or more stages, where each stage comprises of two 
diodes and two capacitors. A one-stage charge pump is presented in Figure 2.7.  
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Figure 2.7. A one-stage charge-pump circuit. D1 and D2 are the rectifying diodes and 
CL1 and CL2 are the load capacitances. 

 
In the one-stage charge pump in Figure 2.7, the two diode switches, D1 and D2, are 
driven by two complementary phases. During the negative half cycle of the power 
supply VIN, the load capacitance CL1 is charged to VIN. During the positive half cycle of 
VIN, the load capacitance CL2 is charged up to a positive peak voltage that is the sum of 
the peak voltage of VIN and the voltage stored in CL1 from previous cycle. Thus, for an 
ideal one-stage charge-pump circuit, the output voltage VDC is twice the power supply. 
By including multiple stages, the output voltage of the circuit can be multiplied.  
 
Because several diodes are required for a charge-pump circuit, the high reverse 
currents and high onset voltages of organic diodes have a significant effect on the 
output of the circuit [Myn08, Pal10]. At 13.56 MHz, a printed 1.5 -stage charge pump 
circuit with inorganic diodes has been reported to supply a VDC of 10 V out of VIN of 
10 V [Jun10]. One-stage charge pumps with drop-casted organic polythiophene diodes 
have been reported to work at frequencies up to 1 kHz, supplying a VDC of 7.2 V out of 
VIN of 10 V [Mut11]. Thus, the efficiency of the reported charge pumps with solution 
processable semiconductors is much lower than the theoretical maximum efficiency 
produced by an ideal charge pump circuit.  

2.3.3 Display driving circuit 

Over the past years there has been wide interest in electronic paper displays as a 
supplement to displays based on liquid crystal (LC) or organic light emitting diode 
(OLED) technologies [Com98, Tam01, Bac02, Lia03, Mor06, And07, Fel07]. The 
main advantages of electronic paper displays are optical properties (reflectivity and 
viewing angles) comparable to ink on paper and low power consumption, in particular 
no power needed between updates of an image. An additional property of paper that 
has not yet been as widely applied to displays is flexibility. Flexible displays are 
attractive for many applications due to their low weight, thin form factor and 
robustness. In addition, the use of flexible materials opens the possibility for large 

D1 D2

CL1

CL2
RL

VIN

VDC
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scale roll-to-roll manufacturing, which can offer a cost advantage for large volume 
products. 
 
To date, the most promising technology for creating electronic paper flexible displays 
seem to be electrophoretic technologies, of which the most widely known is E Ink 
imaging film by E Ink Corporation (a subsidiary of YFY Group) [Com98]. The 
flexible display medium is built on a poly(ethylene terephthalate) PET film with an 
indium tin oxide front electrode. The electrophoretic ink, presented in Figure 2.8, 
contains charged white and black pigment chips suspended in a clear liquid. The 
charged particles can be selectively moved to the front or back of the display medium 
by applying an electric field between the front and back electrodes. The display 
material is bi-stable, which means that it switches only when there is a potential 
difference between the front and back plane electrodes.  
 

 
Figure 2.8. E-Ink imaging film [Com98]. Reprinted by permission from Macmillan 
Publishers Ltd: Nature Materials, copyright 1998.  

 
A display driving circuit controls the switching of the display medium on a display. 
Small and simple displays have direct addressing of the display segments. As the 
number of pixels increases, the display manufacturing as well as direct addressing of 
each pixel becomes impractical, and the display needs to be divided into a matrix of 
rows and columns. In both passive-matrix (PM) and active-matrix (AM) displays, the 
pixels are addressed one row at a time via the row (also called line) electrodes. In an 
AM display each pixel is connected to its corresponding row and column electrodes by 
one or more transistor switches. Traditionally, also diodes have been used as the active 
elements in active matrix displays but their performance is generally inferior to thin 
film transistors (TFTs) [Mac97].  
 
Recently, organic semiconductors have been used to develop TFT AM display driving 
circuits [Hui02, Kaw03, Gel04, Bur05, And07]. The cost-effective fabrication of 
organic TFTs on plastic is challenging due to high resolution patterning required for 
the transistor channel. Thus, the backplane fabrication process usually involves 
bonding of the plastic substrate to a rigid carrier during manufacturing. A possible 
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solution is to return to the concept of diode based active matrix displays using organic 
semiconductors [Tur05, Nil08]. Despite their drawbacks, the idea of using diodes to 
control displays is interesting; as vertical, two terminal structures, organic thin film 
diodes are less demanding with regard to charge carrier mobility, feature size and 
alignment. Thus, using thin film diodes instead of transistors enables the display 
driving circuit to be manufactured using cost-effective roll-to-roll printing processes. 
 
A simplified addressing scheme of an individual pixel in a display is presented in 
Figure 2.9 for a) TFTs and b) metal-insulator-metal (MIM) diodes. In Figure 2.9, the 
display medium is a liquid crystal cell. In an AM TFT display, the image information 
is charged to the LC pixel through the column by applying a gate pulse on the TFT 
through the row electrode. At the same time, an additional pixel storage capacitance Cs 
charges to maintain the pixel voltage until the next signal voltage is applied. In a MIM 
controlled display, when a sufficient positive bias is applied to the diode through the 
row electrode, the image information is charged to the LC pixel. With a negative bias, 
the pixel capacitor discharges.  

 
Figure 2.9. The driving circuit of a pixel in a) TFT controlled, b) metal-insulator-
metal diode controlled active matrix display. LC is the liquid crystal front plane 
material, TFT a thin film transistor, MIM a metal-insulator-metal diode and CS the 
pixel capacitor. Adapted from [Mac97]. 

 
As can be seen from Figure 2.9a), the column and row electrodes for a TFT driven 
pixel act as the gate and source electrodes. The third terminal is the LC cell which also 
acts as the common ground. In a diode controlled display in Figure 2.9b) the LC cell is 
connected in series with the diode. This necessitates the fabrication of the row and 
column electrodes on separate plates on both sides of the display medium [Mac97]. 
Thus, patterning of the electrodes on both plates is needed. However, a bi-stable front 
plane material enables the use of a diode driving circuit where two diodes are 
connected in series between the row and column electrodes [Vir07]. In this design, 
presented in Figure 2.10, the front plane electrode does not need patterning.  
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Figure 2.10. The driving circuit of a 3 by 3 diode matrix backplane for a bi-stable 
front plane material. C1-3 and R1-3 represent the column and row electrodes, 
respectively. Adapted from [Vir07].  

 
The sequence of voltages required to switch between black and white states when 
using the driving circuit in Figure 2.10 and a bi-stable front plane material is fully 
explained in publication 5. In short; 
 

1 The front plane is set to 0 and all rows and columns to V  all pixels turn black  
2 The front plane is set to V 
3 To address row 1;   
o Rows R2 - N, columns C1 - N and the front plane are kept at V  
o R1 is set to 0  
o desired columns are set to 0  corresponding pixels in R1 turn white  
o all rows and columns are returned to V 

4 Step 3 is repeated, addressing rows R2 - N one by one 





 

19 

3 Experimental 

The materials, experimental techniques and fabrication steps are presented in this 
chapter. Also, the diode device structure is described. The main focus is on the gravure 
printed diodes, but dielectric materials used for crossovers and capacitors are also 
briefly described. 

3.1 Materials 

The fabrication method sets certain criteria for the materials used for printed diodes. 
First, the substrate needs to be flexible, chemically resistant and able to withstand the 
processing temperatures. Second, the semiconductor and conductor materials need to 
be air stable, formulated in a suitable solvent and processable using gravure printing. 
Third, the electrical properties (e.g. mobility, dielectric constant and conductivity) of 
the materials have to be appropriate to assure the functionality of the printed diode.   

3.1.1 Substrate 

Polyester film is commonly used as the substrate in printed electronics. Plastic 
substrates possess one critical advantage over silicon based substrates; they are 
flexible, which makes them suitable for roll-to-roll production. Polyester films such as 
PET and poly(ethylene naphthalate) (PEN) exhibit high transparency, relatively high 
surface smoothness and good thermal and mechanical properties, a combination not 
achieved by paper or thin metal foil, which are commonly considered as alternative 
flexible substrate candidates.  
 
The substrate used in this work was heat-stabilized PET, ST506 from Dupont Teijin 
Films, which is a thermoplastic semi-crystalline plastic film with a glass transition 
temperature Tg of 78 °C [Mac04]. Despite the relatively low Tg, the heat-stabilization 
process improves the dimensional stability of the film, allowing processing 
temperatures up to 150 °C. 
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3.1.2 Semiconductor 

Organic materials with conjugated carbon bonds exhibit semiconducting properties 
due to the stacking of π -electrons. For solution processing, flexible side chains are 
added to the polymer backbone to improve solubility. For small molecules, mobilities 
as high as 30 cm2/Vs have been reported, but conjugated polymers usually exhibit 
mobilities far less than 1 cm2/Vs due to disorder and impurities, which reduce the 
electronic coupling between neighbouring molecules. [Sko07]   
 
Poly(triarylamine) (PTAA) is an amorphous p-type organic semiconductor which has a 
reported (lateral) charge carrier mobility of 2 ×10-3 cm2/Vs [Ver02]. The repeat unit of 
PTAA is presented in Figure 3.1. Despite the low charge carrier mobility, PTAA 
possesses good stability, and can be processed in ambient air unlike many other 
polymeric semiconductors. Furthermore, PTAA is fully amorphous, which means that 
it does not form crystals in the printing or drying processes. This makes the 
semiconducting layer in the diodes more reproducible.  

 

 
Figure 3.1. The repeat unit of unsubstituted poly(triarylamine). x denotes the number 
of repeat units in the polymer. 

 
The PTAA used in this work was obtained in solution from Merck Chemicals Ltd.  

3.1.3 Insulators  

Thick (>5 um) layers of insulators and conductors can be applied using screen printing 
of paste inks. However, screen printing requires high viscosity materials with a high 
solid content. In publication 5, poly(methylmethacrylate) (PMMA) was used as the 
dielectric separating the column and row electrodes. The dielectric was gravure 
printed. In publication 4, ink-jet deposited SunTronic dielectric EMD8000 from Sun 
Chemical Electronic Materials was used as the dielectric for the capacitors.  

3.1.4 Conductors 

Printable conductive inks usually consist either of large silver flakes/spheres that are 
especially suitable for high viscosity paste inks, or silver nanoparticles that are used for 
low viscosity inks. Examples of organic conductors include polyanilline and poly(3,4-

x
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ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), but especially for the 
latter there have been concerns related to its stability in ambient atmosphere [Kaw06, 
Nar08]. In this work, screen printable silver paste ink Acheson Electrodag PM-460A 
from Henkel was used as the diode anode. The paste ink was formulated to suit 
gravure printing using n-propylacetate. The same ink was also used to form the column 
electrodes of the display driving circuit in publication 5. Ink-jettable Harima NPS-JL 
nanoparticle silver ink was used for the capacitors and electrical connections in 
publication 4.  

3.2 Device structure 

A two-terminal sandwich structure, presented in Figure 3.2, was used for the printed 
diodes. In the structure, the copper acts as the cathode and provides the rectifying 
contact to the semiconductor whereas the silver acts as the anode and provides the 
ohmic contact. The diode is forward biased when positive voltage is applied to the 
silver electrode. The thickness of the semiconductor layer varied from 500 nm to 1500 
nm and the diode areas varied from 0.09 to 8 mm2. 

 
Figure 3.2. a) The diode structure, b) microscopic image of a 1mm2 diode. 

 
A vertical sandwich structure was chosen because of the ease of fabrication. Lateral 
printed diodes have been fabricated by Mutlu et al. [Mut11], but because the anode and 
the cathode are separated by only a distance of hundreds of nm to 1500 nm, the 
structure is difficult to realize. Lateral diodes also have very limited area and therefore 
low forward currents.  

3.3 Fabrication 

The aim of the diode fabrication process used in this work was to use only methods 
that mimic high-throughput roll-to-roll processes. For the copper cathode contacts, a 
thin (~100 nm) copper layer was deposited on the PET film either by vacuum 
evaporation or sputtering. The copper patterning was done either through a shadow 
mask (for diodes with evaporation-deposited copper cathodes in publications 1, 2, and 
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4) or by a roll-to-roll lithographic process (for diodes with sputter-deposited copper 
cathodes in publications 1-3 and 5). In the lithographic process, rotary screen printing 
was used to deposit a UV -curable etch resist, XV1000-2 from Sun Chemical, on the 
parts that were not to be removed. The copper areas outside of the etch resist were 
removed by immersing the film in FeCl3 bath. Finally, the etch resist was removed 
using NaOH. The wet etching was performed on a roll-to-roll processing line. 
 
The PTAA, PMMA dielectric and the PM-460A silver conductor materials were 
deposited using a laboratory-scale automatic gravure printing press, Labratester 
Automatic from Norbert Schläfli Maschinen. All layers were cured at 115 °C for 5 
minutes. In contrast to traditional gravure printing with the gravure cylinder, the 
printing press used in this thesis had a sheet-fed process, where the gravure cells are 
engraved on a plate. The printed pattern is transferred onto the substrate in a nip 
between the impression cylinder and the gravure plate, as illustrated in Figure 3.3. A 
metallic doctor blade is used to wipe off the excess ink before the ink transfer process. 
Diodes with different semiconductor thicknesses were printed using printing plates 
with varying cup depths and line densities.    
 

 
Figure 3.3. The basic principle of the gravure printing process used in this thesis. 
Reprinted with permission from [Hel10]. 

 
In all publications, the diodes were printed either on evaporation- or sputter-deposited 
cathode contacts using gravure printing. In publication 3, the printed diodes were 
connected to a discrete capacitor for the rectification measurements. In publication 4, 
the printed diodes were connected to ink-jet printed capacitors to form the printed 
charge pump circuit. In publication 5, also the silver column electrodes and crossover 
dielectrics were printed using gravure printing. The printing was carried out in a dust-
free environment (non-certified but close to ISO 14644-1 class 5). 

3.4 Measurements  

The J-V -measurements were carried out using Keithley 236 source-measure unit. All 
measurements, except for X-ray photoelectron spectroscopy (XPS), were done in 
ambient laboratory conditions. 
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In publication 1, the work functions of the metal contacts were measured using a 
Kelvin probe setup that has been calibrated and optimized using a sputtered gold 
electrode (4.6 eV). The diode thickness was estimated using capacitance measurements 
done with HP 8752A Network Analyzer. 
 
In publication 2, the diode capacitance measurements were done with a HP 8752A 
Network Analyzer. Impedance spectroscopy was done with a Gamry 600TM 

Potentiostat in a frequency range of 10 Hz to 1 MHz. The chemical composition and 
thicknesses of the surface layers on the copper cathodes were analyzed utilizing 
nonmonochromatized dual anode X-ray photoelectron spectrometer, ESCA3000 XPS 
from VG Microtech Inc., UK, located in an ultra-high vacuum system. The surface 
topography of the copper cathodes was characterized by atomic force microscopy 
(AFM) using Veeco Dimension 3001 with silicon cantilevers in tapping mode. Image 
analysis was performed using Nanoscope 6.13R1 software. 
 
In publication 3, the rectification properties were measured with SRS DS345 30 MHz 
function generator and Tektronix TDS 3014B oscilloscope with 1 MΩ input 
impedance. This circuit was able to measure the rectification properties reliably up to 
about 1 MHz. The diode thicknesses were estimated using capacitance and AFM 
measurements. The capacitance was measured with HP 4192A Impedance Analyzer. 
The AFM measurements were done using Autoprobe CP from Parc Scientific 
Instruments. 
 
In publication 4, the rectification properties were measured with an improved 
rectification measurement set-up [Hel10], which was able to measure the rectified DC 
output reliably up to 50 MHz. The diode thickness was estimated using capacitance 
measurements done with HP 8752A Network Analyzer. 
   
In publication 5, the PTAA and PMMA layer thicknesses were measured using white 
light interferometer, Wyko NT1100 from Veeco Instruments Inc. The display contrast 
ratio was measured optically using a CCD -camera based characterization system. 
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4 Results and discussion 

This Chapter is divided into four sections that present the main results of the 
publications. The first section presents the results of publications 1 and 2, where the 
origin and the effect of the thin interfacial cathode layer are explained. The second, 
third and fourth sections concentrate on the results of the diode rectifier, charge pump 
and display driving circuits, respectively.  

4.1 Diode cathode interface 

In publications 1 and 2, the effect of the diode cathode interface on the diode 
characteristics was examined. The starting point for the research was the observation 
that diodes on two different copper surfaces exhibited different reverse current 
behaviour; on one of the substrates the reverse current was two orders of magnitude 
lower than on the other. Since low reverse currents are needed for the applications 
presented in this thesis, it was important to understand the reasons that cause the 
observed difference in the diode characteristics. 
 
As explained in Chapter 2, the height of the injection barrier between the HOMO of 
the semiconductor and the work function of the cathode determines the reverse 
characteristics of the diode. Thus, for p-type PTAA, whose HOMO has been reported 
at 5.1 eV [Sch08], a metal with a low work function is needed. In publication 1, we 
first measured the work functions of the metal contacts used, as presented in Figure 1 
of publication 1. Whereas the printed anode contact was the same for all diodes with a 
work function of 5.2 eV, the sputter-deposited Cu(s) and evaporation-deposited Cu(e) 
copper cathodes had work functions of 5.0 eV and 4.8 eV, and thus injection barriers 
under reverse bias of 0.1 eV and 0.3 eV, respectively. Since the J-V -characteristics 
showed that the Cu(s) diodes had lower reverse currents, as presented in Figure 4.1a), 
the injection barriers did not explain the difference between the current levels in the 
diodes. 
 

 
 
 



26 Results and discussion 
 

 
Figure 4.1. a) J-V and b) log J- log V -characteristics of diodes with sputter-deposited 
Cu(s) and evaporation-deposited Cu(e) copper cathodes. 

 
In publication 1, we also showed that the log J - log V -characteristics of the Cu(e) 
diodes turn space-charge limited at an applied voltage of 0.2 V whereas the J-V -
characteristics of the Cu(s) diodes were clearly injection limited at low voltages and 
turned space-charge limited at an applied voltage of about 1 V, as shown in Figure 
4.1b). For vacuum deposited Pt and Ag cathodes, the diodes exhibited symmetrical 
behaviour. The reported diode characteristics are summarised in Table 4.1. 
 

Table 4.1. A summary of the diode characteristics presented in publications 1 and 2.  

 
 
Table 4.1 shows that the measured work functions, and thus the injection barriers 
under reverse bias of all cathode materials are close to similar. Also the forward 
currents of the diodes are close to similar. Yet, the rectification ratios for diodes with 
Cu(e) and Cu(s) cathodes are significantly higher than for diodes with vacuum 
deposited Pt and Ag cathodes.   
 
Impedance spectroscopy was used to demonstrate that the difference in diode 
characteristics is due to the copper/semiconductor interface. The impedance 
spectroscopy results in publication 2 were measured with bias voltages of 5.0 V, 0.4 V, 
0.2 V and 0.1 V, in the region where the Cu(e) and Cu(s) diodes start to exhibit SCLC. 
As shown in Figure 2 of publication 2, the overall impedance of the diodes varied as a 
function of the applied bias voltage. At a DC voltage of 5.0 V, there was no difference 
between the impedance of the Cu(e) and Cu(s) diodes. As the DC voltage was 
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decreased to voltages below ~0.5 V, the impedance of the Cu(s) diodes was higher 
than the impedance of the Cu(e) diodes. Since the only difference between the diodes 
was the Cu/semiconductor interface, it was concluded that the impedance difference 
between the diodes is from the variation of the cathode interface.  
 
To examine the copper surface in detail, an XPS study including analysis of the 
surface in-depth chemical structure and copper oxidation state was carried out. Based 
on the detailed XPS analysis in publication 2, both Cu(s) and Cu(e) surfaces were 
topped by a Cu2O layer with a thickness of 2 nm and an organic layer with a thickness 
of 2.7 to 3.9 nm and 2 nm for Cu(s) and Cu(e), respectively, as shown in Figure 4.2.  

 
Figure 4.2. Schematical presentation of the surface layers on evaporation-deposited 
Cu(e) and sputter-deposited Cu(s) copper cathodes. ORG represents the organic layer 
and Cu(I) the Cu2O layer. 

 
The formation of the interfacial layer on top of the Cu(s) surface was attributed to the 
vacuum chamber where organic material from the PET substrate is amply available. 
Previously, bond breaking and redeposition of polystyrene after ion bombardment has 
been investigated [Net09]. Polystyrene can be redeposited on the surface during 
sputtering, and also hydrocarbon fragments can adsorb at strongly reactive radical sites 
that are created by ion irradiation. However, analysis based on the XPS data showed 
that the ratio of carbon atoms in C-C compounds to carbon atoms in C-O compounds 
in the topmost surface layers of Cu(s) and Cu(e) was higher than for PET. Thus, the 
surface could also contain other hydrocarbons either as impurities or as other chemical 
compounds. Nevertheless, the layer seems to be uniform. If there were be pinholes or 
islands in the interfacial layer, they would lead to leakage current due to injection from 
Cu in the order of what was observed for injection from Ag and Pt in Table 4.1. Since 
this is not the case, and the AFM data did not reveal the existence of islands, it can be 
concluded that the interfacial layer on top of the Cu is uniform. 
 
Possible fabrication methods for the interfacial layer include for example spin-coating 
or drop-casting of a thin polymer layer or a monolayer. Generally producing a layer 
with a thickness of few nm is not trivial. Vacuum evaporated lithium fluoride with a 
thickness of 1-7 nm is used as an interfacial layer in organic light emitting diodes to 
enhance electron injection [Bro01, Hun97]. Initial experiments in publication 1 
indicated that a 5 nm evaporated layer of LiF on top of evaporated copper and silver 
cathodes reduces the reverse current of the diodes by two orders of magnitude. 
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However, a vacuum process increases the cost of the manufacturing process, especially 
if the layer needs to be patterned.  
 
The interfacial layer on the Cu surfaces explains the somewhat contradicting results in 
Figure 4.1 and Table 4.1. It can be argued that the thin layer on the Cu(s) surface, with 
a combined thickness of 5-6 nm, prevents hole injection into the organic 
semiconductor in reverse bias. The layer is thin enough not to hinder charge carrier 
movement under forward bias. Thus, the interfacial layer acts as an extra barrier at the 
rectifying interface. Previously, the effect of a thin PMMA layer has been discussed 
for polymer electroluminescence devices [Kim96], and in publication 1 this model was 
further expanded on the basis of or our results. Figure 4.3 explains the model and 
illustrates the magnitude of the electric field E across the diode structure.  
 

 
Figure 4.3. Charge carrier (hole) movement and the magnitude of the electric field 
across the diode structure for a), b) copper and for c), d) copper with an interfacial 
tunnelling barrier. 

 
Based on the semiconductor mobility µ = 1.4 × 10-3 cm2/Vs, calculated from the 
space-charge limited region of the J - V -characteristics presented in publication 1 
using Equation (2.6) with εr = 3 and d = 1.5 µm, the depletion region in the diodes was 
estimated to be micrometers wide at an applied voltage of 0.01 V (Equation (2.4)). 
Thus, the diode is fully depleted and the field created by the applied bias is constant 
across the whole semiconductor, as presented in Figure 4.3a) and b). Under forward 
bias in Figure 4.3a), with no effective interfacial barrier the charge carriers move easily 
from the anode to the cathode and the current is space-charge limited.  Under reverse 
bias in Figure 4.3b), the charges have to cross an injection barrier which results in low 
reverse currents. 
 
In the diodes with an interfacial barrier, depicted in Figure 4.3 c) and d), under low 
forward bias the charge carriers accumulate at the interfacial layer and the diode is 
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injection limited. As the bias increases, the accumulated charge carriers induce a high 
field across the thin organic layer, which assists the charge carriers to tunnel through 
the barrier. At these voltages, the diode is no longer injection limited. Under reverse 
bias, the charge carriers have to cross the same tunnelling barrier in addition to the 
injection barrier. In this case, because of the fully depleted semiconductor, there is no 
accumulated space charge that could create a sufficient field across the barrier to assist 
the tunnelling process, which results in a very low reverse current. 
 
The above described model explains the observed difference between the reverse 
currents of the Cu(e) and Cu(s) diodes. However, it does not completely explain the 
diode behaviour; it is unlikely that a barrier of 0.1 to 0.3 eV, albeit combined with a 
tunnelling barrier, could explain rectification ratios of 103 to 105. To further explain 
the low reverse currents and high rectification ratios in the diodes, the existence of the 
dual interfacial layer on the cathode contact was examined in publication 2. The prior 
hypothesis for the diode function in reverse bias was that since the semiconductor was 
fully depleted and there were no charge carriers that could create a sufficient field 
across the interfacial barrier to assist tunnelling through the barrier, the reverse current 
in the Cu(s) diodes was very low. Based on the XPS and impedance data the 
hypothesis was extended using the dual (Cu2O + organic) insulating layer, as presented 
in Figure 4.4. (De)pinning of the semiconductor Fermi-level and dipole formation 
between the two dielectric materials have been previously explained extensively both 
for organic and inorganic semiconductor materials [Ish99, Nis08, Bra09, Cos09, Jin09, 
Hu11]. As shown in Figure 4.4a) for Cu(e), once the copper and the semiconductor are 
brought into contact the dual barrier of Cu2O and an organic layer causes shift in the 
pinning level and, eventually, an increase in the injection barrier ФB. As a result, only 
a few charge carriers are able to flow from the copper to the semiconductor under 
reverse bias and the reverse current is low, which results in a rectification ratio of 103 
in the Cu(e) diodes. 
 

 
Figure 4.4. Model for the injecting contact under reverse bias for a) Cu(e) diodes and 
b) Cu(s) diodes. EVAC is the vacuum energy level. ФM is the metal work function in 
vacuum and ФB is the injection barrier. OX represents the Cu(I)-oxide and ORG 
represents the organic layer on top of the copper surface. 
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The thicker dielectric layer in the Cu(s) diodes, presented in Figure 4.4b), enhances the 
effect of the dipole layer as has been seen before for inorganic diodes [Nis08]. Due to 
the higher ФB, even fewer charge carriers are able to flow from the copper to the 
semiconductor under reverse bias and the reverse current is further lowered, leading to 
a higher rectification ratio of 105. In forward bias the field is still high enough to assist 
tunnelling through the barrier in both diodes, as shown in Figure 4.3c). This leads to 
identical diode behaviour in Cu(s) and Cu(e) diodes at a sufficiently high forward bias. 
The high rectification ratio of the diodes enables their use in different applications, as 
described in the following sections. 

4.2 Diode rectifier 

As discussed in Chapter 2, the organic diode rectifiers reported to date concentrate on 
diodes fabricated using vacuum deposition processes and/or inert processing 
atmospheres. In publication 3, the goal was to fabricate printed organic rectifying 
diodes with high DC output at AC input frequencies approaching the RFID high 
frequency (HF) standard (13.56 MHz) using only roll-to-roll compatible processing 
methods in ambient laboratory conditions.  
 
The high frequency operation of the diodes depends on the diode properties. The 
diodes must exhibit a sufficient rectification ratio to be able to convert the AC input 
voltage VIN to a high DC output VDC. In publication 3, the diode area was 4 mm2 and 
diodes with semiconductor thicknesses of 500 nm, 700 nm and 1200 nm were 
fabricated. DC J-V -characteristics showed that the diodes exhibit rectification ratios in 
the order of 10 000 and that the current density scales with diode thickness. The 
current densities at +5V and -5V are presented in Table 4.2.  
 

Table 4.2. Current densities at -5 V and 5 V, and values of the exponent in power law 
J α Vm for current densities from 1 V to 5 V. 

 
 
As can be seen from Table 4.2, only the log J - log V -characteristics of the diode with 
a semiconductor thickness of 1200 nm could be reasonably fitted to the SCLC law 
presented in Equation (2.6), while the thinner diodes exhibited a square law in the form 
of J α Vm with higher values for m. This is a clear indication that interfacial effects 
and/or traps play a significant role with lower semiconductor thicknesses. Calculating 
from Equation (2.6), PTAA with a thickness of 500 nm should give current densities 
close to 4 mA/cm2 if SCLC without traps was observed. 

PTAA thickness [nm] J (-5V) [A/cm2] J (+5V) [A/cm2] m

500 6.0 × 10-6 2.0 × 10-3 2.8

700 3.0 × 10-8 0.8 × 10-3 2.4
1200 0.3 × 10-8 0.3 × 10-3 2.1
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The rectified output voltages of the printed diodes with VIN of 10 V are presented in 
Figure 4.5 and Table 4.3. It can be observed that the higher the diode forward current 
in Table 4.2, the smaller the voltage drop over the diode which yields higher VDC over 
the measured frequency range of 100 Hz to 10 MHz. At 1 and 10 MHz, the diode with 
a semiconductor thickness of 500 nm produced stable 5.4 V DC and 2.7 V DC 
currents, respectively. 

 
Figure 4.5. Rectified output voltages from 100 Hz to 10 MHz with VIN of 10 V, CL of 
47 nF and RL of 1 MΩ for semiconductor thicknesses of 500, 700 and 1200 nm.  

 
As noted earlier in Chapter 3, the measurement circuit was able to measure the 
rectification properties reliable up to about 1 MHz, above which a decrease in the 
effective input voltage was observed leading to a lower rectified output voltage. 
Therefore, the results at 10 MHz in Figure 4.5 and Table 4.3 are probably lower than 
the true DC output of the diodes. Later, the measurement setup was improved by 
building a specified measurement head with short interconnections [Hel10]. This 
measurement head was used in the charge pump measurements described in the next 
section. 
 

Table 4.3. Rectified output voltages at 100 Hz, 1 MHz and 10 MHz with VIN of 10 V, 
CL of 47 nF and RL of 1 MΩ for semiconductor thicknesses of 500, 700 and 1200 nm. 

 
 
To operate as high efficiency DC converters at frequencies required for HF RFID tags, 
the diode characteristics need to be improved. For RF applications, the required 100 
µA from an incoming RF signal at 13.56 MHz [Ste06] is difficult to reach without 
inducing extra capacitive effects at high frequencies. With 100 µA and 10 V DC 
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output, the RL of the circuit would be 100 kΩ. The load used in this thesis was 1 MΩ, 
which increases the rectified DC output voltage.  
 
The amorphous PTAA used for these diodes can be handled in air, requires no high 
temperature annealing steps and the fabricated devices show very stable performance 
under ambient conditions. However, the relatively low mobility of the material limits 
its use in rectifying diodes. The forward current of the diode can be increased by using 
a semiconductor with higher mobility, as shown in Equation (2.6). Although solution 
processable semicrystalline materials with higher mobilities have been developed, the 
materials have to be formulated to an ink that has the right properties for mass printing. 
The crystalline morphology can cause problems in the printing process in terms of 
suitable solvents and the rheological properties of the ink. To achieve a uniform film 
from a semicrystalline material, the semiconductor needs to crystallize on the substrate 
in a predictable manner [Das07]. Even though higher mobility printable organic 
semiconductors were used, relatively large diode areas would be needed to get high 
DC currents and sufficient output powers. This increases the geometric capacitance of 
the diode, as presented in Equation (2.7), which in turn limits the high frequency 
operation. 
 
To further lower the reverse current of the diodes to minimize discharging of the load 
capacitor, the energy barrier at the rectifying interface should be as high as possible. 
For this, lower work function electrodes should be considered. However, metals with 
low work functions (e.g. aluminium, magnesium or calcium) are prone to oxidation 
which has been shown to have an effect on the rectification frequency [Lil09].  
 
The challenges in forming thinner films and thus achieving higher frequencies are 
considerable since an organic layer with a thickness of 500 nm is already quite thin for 
a mass printed layer on an inherently non-flat substrate. The minimum semiconductor 
thickness is determined by the ink, the printing process and the substrate. In gravure 
printing the ink is transferred using an engraved cup structure, which results in 
thickness variation in the order of tens of nm in the z-direction. The thickness 
fluctuation can be minimized using gravure cups that are carefully designed for the end 
application and by choosing a solvent with the right rheological properties. 
Furthermore, the edges of gravure cups are rough which results in variation in the 
printed diode areas. In publication 3, it was shown that the rectifying properties at high 
frequencies will improve if the thickness is reduced. It was estimated that a 400 nm 
thick semiconductor would give maximum operation frequencies in the range of 13.56 
MHz. According to Equation (2.8), a 200 nm thick layer with a mobility µ = 1.4 × 10-3 
cm2/Vs, assuming an output voltage of 6 V, would have a maximum operation 
frequency of 14 MHz. This is only a theoretical estimation and experimental results 
would probably yield lower values. Finally, the most pronounced effect of the 



   Charge pump 33 
 

substrate on the diodes is the surface roughness which sets further limits on how thin a 
semiconductor layer can be printed. Although the roughness for the used PET grade is 
less than 1 nm in terms of root mean square roughness (Rq) [Mac08], it exhibits 
occasional high peaks of tens of nm in the diode area. To eliminate this problem, a 
planarising coating could be applied. 
 
The results of publication 3 show the potential of roll-to-roll manufactured printed 
diodes at MHz frequencies. The diode properties did not degrade when they were 
stored in ambient room conditions for four weeks after fabrication. The results also 
show the potential of mass manufacturing to produce functional organic devices for 
RFID applications. 

4.3 Charge pump 

Charge pumps employing printed organic diodes and printed capacitors were 
fabricated and measured in publication 4. The aim of the work was to increase the 
output voltage VDC of the rectifier above 10 V to demonstrate the usability of the 
diodes in RFID applications. The two-stage charge pumps were fabricated with two 
different structures. The first structure, the integrated printed charge pump, consisted 
of four diodes and four capacitors which were printed separately and integrated on a 
flexible substrate. By using separately printed diodes and capacitors, the adjustment of 
the circuit was easier, i.e. the diode and capacitor sizes and thicknesses could be varied 
depending on the required charge pump properties. The second structure, the 
monolithically integrated printed charge pump, was fabricated to demonstrate a circuit 
fabricated using only roll-to-roll compatible manufacturing methods on a single 
substrate. 
  
The diodes for the integrated printed charge pump had a forward current of 41 mA/cm2 
at 5 V and reverse leakage current of 41 µA/cm2 at -5 V.  With the low reverse current, 
a low onset voltage of 0.2 V and high repeatability in the manufacturing process of the 
diodes, efficient charge pumps could be fabricated. The printed capacitors had a 
capacitance of 1.2 nF at 13.56 MHz, low leakage currents and a high yield. For the 
monolithically integrated printed charge pump, larger diodes and slightly smaller 
capacitors were used for easier printing. Therefore, the results are not fully 
comparable. 
 
The rectified output voltages of the charge pump circuits are presented in Figure 4.6. 
The stage 2 output of the integrated printed charge pump was 10.4 V at 13.56 MHz, 
which was higher than the input signal amplitude and 2.7 times the output of a half-
wave rectifier with a 47 nF discrete capacitor. At 13.56 MHz, very little ripple was 
seen in the rectified output, which showed that the printed capacitors worked reliably. 
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The maximum output voltage of the monolithically integrated printed charge pump 
was 12.4 V at 100 kHz. The stage 2 output voltage was higher than the input signal 
amplitude up to 1MHz and the output at 13.56 MHz was 2.5 V. As discussed earlier, 
an improved measurement head was used for the measurements to allow measuring up 
to 50 MHz. The geometric capacitance of the diode started to have an effect at 
frequencies of 13 MHz and 5 MHz for the integrated and monolithically integrated 
printed charge pumps, respectively. This led to a 2-3 V lowering of the measured input 
AC signal.  

 
Figure 4.6. Rectified output voltages from 10 000 Hz to 50 MHz with VIN of 10 V and 
RL of 1 MΩ for the integrated and monolithically integrated charge pump circuits.   

 
During the fabrication of the circuits, it was noted that some process steps of the 
monolithically integrated printed charge pump caused problems that could be seen as 
deterioration of the diode cathode contacts, presumably due to oxidation of copper 
during temperature treatments above 70 ºC [Coc05]. The UV -ozone treatment also 
had a visible effect on the copper surface in spite of the shadow mask protection on top 
of the contacts. Based on optical examination, uneven oxidation on the surfaces caused 
large operational variations between single diodes of the monolithically integrated 
printed charge pumps. This lowered the performance of the circuit and made the 
comparison between the two different charge pump designs somewhat problematic.  
 
Because of low charge carrier mobility and low charge carrier density in the PTAA 
semiconductor the power consumed in the diodes is high. If a load greater than 1 MΩ 
were used the output voltages would be significantly higher. Due to the high power 
loss in the diodes, adding multiple stages to the circuit was estimated not to be possible 
without improving the diode properties. 
 
Results shown in publication 4 prove the benefits and the efficiency of a charge pump 
circuit with printed organic rectifier diodes and capacitors. They also show that diodes 
fabricated using a roll-to-roll compatible process in ambient atmosphere can be used to 
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achieve a DC voltage of 10 V at HF frequencies. With further development in the 
printing process and the performance of the components, the output voltage and 
working frequencies of the printed charge pump circuit can be increased.   

4.4 Diode display driving circuit 

Currently, most of the flexible active matrix backplane technologies under research are 
based on OTFTs that require high resolution printing steps for the OTFT channel. The 
aim in publication 5 was to use a roll-to-roll printable driving circuit with printed, 
organic diodes to drive an electrophoretic display medium. The backplane 
functionality was demonstrated in an electrophoretic display using 16 copper pixel 
electrodes. The basic unit cell of the diodes consisted of two diodes spanned between 
the row and column electrodes, as presented in Figure 4.7a) and b). The two diodes in 
a pixel were designed to have a large size difference in order to obtain a large 
resistance ratio in the forward direction. Electronically, this is similar to having two 
diodes and a series resistance.   

 
Figure 4.7. a) Unit cell of the organic diode backplane for a single pixel, b) 
schematical presentation of a single pixel. 
 

 
To construct the backplane described earlier in Figure 2.10, the diodes were arranged 
in a lateral 4 by 4 matrix structure with a dielectric layer separating the row and 
column electrodes, as presented in Figure 4.8a). The dielectric (green in Figures 4.7b) 
and 4.8a)), semiconductor (yellow in Figures 4.7b) and 4.8a)) and silver (blue in 
Figures 4.7b) and 4.8a)) layers were all printed using a laboratory-scale rotary gravure 
press. The display module, presented in Figure 4.8b), was completed by laminating the 
front plane material onto the backplane. 
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Figure 4.8. a) Schematical presentation of the printed diode driving circuit, b) image 
of a functional display with a 7 V driving voltage. 

 
When testing the four by four matrix, it was noted that when one pixel in the 
backplane was turned on, it switched as it should, but occasionally other pixels turned 
slightly grey. This was seen either in the same column or in the same row with the 
selected pixel and worsened the display contrast ratio. With diode areas of 8 mm2 and 
0.09 mm2 a contrast ratio of 4:1 was achieved. According to the manufacturer, a 
typical contrast ratio for active-matrix displays using the E ink VizplexTM front plane 
material is 7:1.  
 
The single diode and matrix measurements showed that the most important parameter 
for obtaining a high contrast ratio in the columns is low reverse current in the large 
diode. An unaddressed pixel in the same column with an addressed pixel has a row 
voltage Vr of V and a column voltage Vc of 0. Since the front plane is at V, it can be 
seen from Figure 4.7a) that the reverse current of the large diode needs to be 
sufficiently small to prevent the voltage at the pixel electrode from discharging 
through the diode.  
 
A high contrast ratio in the rows is obtained with diodes that produce a large voltage 
division in the pixel with a small voltage drop over the large diode. An unaddressed 
pixel in a row has a Vr of 0 and Vc of V. The switching voltage is divided between the 
two diodes in each unaddressed pixel according to the diode forward currents that 
scale with diode size. With the diode size ratio used, the optimal contrast ratio was 
obtained with a driving voltage of 7 V. In order to improve the voltage division in 
unaddressed pixels and to increase the driving voltage, the size difference between the 
diodes should be maximized and the voltage drop over the large diode should be 
minimized. This could be achieved by scaling down the small diode, using a higher 
driving voltage or by using alternative semiconductor materials to get a sharper rise in 
the diode forward current. Naturally, the area of the large diode could also be increased 
but this would also increase the pixel area and lower the display resolution. The 
maximum value for the voltage drop across the large diode is set by the acceptable 
display contrast ratio; the bigger the voltage drop, the more noticeable changes in 
unaddressed pixels in the same row become. The minimum value for the voltage drop 

b)a)
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is set by the required forward current of the small diode; for the pixel electrode to 
discharge through the small diode during one driving pulse, the forward current of the 
small diode needs to be higher than the reverse current of the large diode. 
 
In publication 5, a pixel size of 100 mm2 was used to demonstrate the fundamental 
possibility to matrix address an electrophoretic display with a printed diode based 
driving circuit. For many applications in commercial products, the pixel size of the 
display will need to be decreased to 1 mm2 or less. This can be realized by moving 
from the lateral architecture presented in publication 5 to a vertical architecture where 
the diodes are on the backside of each pixel electrode. However, with smaller pixels 
better materials and process improvement are needed to allow sufficient forward 
currents for the diodes. In the diode structure, the copper electrode is wet etched using 
a printed etch resist. It can be estimated that feature sizes down to around 50 µm can 
be reliably fabricated using wet etching. Alternatively, the cathode electrode could be 
printed, but this requires printable copper inks that produce a smooth surface enabling 
thin semiconductor layers.  
 
Although thin film diodes relax some of the registration requirements compared to 
TFTs, substrate distortion and printing machine place limits on the achievable pixel 
size. In publication 5, it was estimated that the smallest feature size of the gravure 
printing process is 30 µm. The challenges set by the gravure printing method can be 
minimized by using more advanced engraving methods for the gravure plates. Other 
printing processes with higher registration accuracy, such as ink-jet or aerosol printing, 
can be considered but they usually have lower throughput. Furthermore, if small 
feature sizes are needed, substrate (and ink) distortion in the printing process have to 
be taken into account. When polyester film is heated above the glass transition 
temperature Tg, it will undergo a change in physical and mechanical properties 
[Mac04]. Once heated and cooled back to the starting temperature, the film will be 
distorted. Also the yield of the printed diodes is a key factor when going to displays 
where hundreds or more active components are needed. Further progress in low 
distortion substrates, accounting for reproducible distortion and improvements in 
printing press alignment technology will improve the situation but at the moment it 
appears quite challenging to print well-defined structures with accurate registration. 
  
The results of publication 5 show that an active matrix driving circuit employing 
printed organic diodes for addressing a bi-stable electrophoretic front plane material 
can be fabricated using only roll-to-roll compatible manufacturing methods. By 
developing the backplane geometry, operating voltage and material properties, the 
pixel size, aperture ratio and contrast ratio of the highly robust backplane architecture 
can be optimised for large, low resolution display applications. 
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5 Concluding remarks 

The use of organic layers as active elements in thin film components, circuits and 
devices offers a potential path to ubiquitous large-area, flexible and ultra low-cost 
electronics. Successful implementation of these processes will ultimately result in low-
temperature manufacturing of large-area organic electronic circuits using continuous, 
web-based machinery. However, the reported data to date have generally indicated 
rather poor performance if mass printed devices are compared to similar devices 
prepared using processes such as spin coating, ink-jet printing or photolithographic 
patterning.  
 
This thesis examined the injection and transport properties of printed organic Schottky 
diodes. A ~6 nm thick insulating interfacial layer at the Schottky interface was found 
to increase the energy barrier and thus reduce the diode reverse current up to 2 orders 
of magnitude without having a notable effect on the forward current above 1 V. Under 
more careful investigation, the layer was found to consist of Cu2O and an organic 
material. The results were discussed in light of Fermi level pinning at the cathode-
semiconductor interface in the presence of a thin dual dielectric layer with an intrinsic 
dipole potential. This explained the origin of high rectification in diodes made from 
metals with similar work functions. 
 
This thesis also introduced three different applications for printed diodes with low 
reverse currents, high rectification ratios and stable J - V -performance under ambient 
room conditions. First, the diodes with an active layer thickness of 500 nm showed 
rectification up to 10 MHz. Second, the diodes were used in a printed charge pump 
circuit that delivered an output DC voltage of 10.4 V at 13.56 MHz from 10 V AC 
input amplitude, which is 2.7 times the output of a half-wave rectifier. Third, an active-
matrix diode backplane fabricated using only roll-to-roll compatible manufacturing 
processes was demonstrated. The backplane was able to drive an electrophoretic front 
plane material (E Ink Vizplex™ Imaging Film) with a contrast ratio of 4:1. 
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The main findings from this work are: 
o Organic PTAA diodes with rectification ratios of 103 to 105 and forward 

currents of a few mA/cm2 can be fabricated on a flexible substrate in ambient 
laboratory conditions using only roll-to-roll compatible manufacturing 
methods.  

o An interfacial tunnelling layer can be used to lower the reverse current and 
increase the rectification ratio of printed organic diodes.  

o Printed organic Schottky diodes can deliver high output voltages at MHz 
frequencies 

o Due to the low reverse current, the diodes can be combined into a printed 
charge pump circuit that delivers DC voltages exceeding the input AC 
amplitude of 10 V at 13.56 MHz 

o An organic diode based matrix driving circuit for a display employing a bi-
stable front plane material can be fabricated using only roll-to-roll compatible 
manufacturing methods  

 
The restrictions brought about by the printing process are important. The smallest 
feature size and registration accuracy of the roll-to-roll fabrication process not only 
determine the minimum size and thickness of the printed devices, but also have an 
effect on the device yield, especially for more complicated device structures. 
Therefore, the limits of the gravure printing process should be examined. 
 
The promising results of this thesis open up a path for further research in the area of 
printed organic rectifying diodes. The diodes posses many desirable properties: a high 
rectification ratio, low forward voltage drop and low reverse current. Future research 
should concentrate on improving the properties of the diodes and circuits. This can be 
done by examining the possibility to fabricate the interfacial layer, further examining 
different anode and cathode electrode materials and by using printable semiconductors 
with higher charge carrier mobilities.  
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