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Abstract
Excellent optoelectronic properties combined with ease of processing and flexibility,
organic electronics holds much proimise for the next generation of electronic devices.
The increased interest in organic photodiode is partly motivated by the potential for
wide range applications ranging from consumer products to healthcare to scientific
applications. On its way to achieve better value of figure of merits, it is important that
the reverse bias leakage current remains negligible. The purpose of this research was
to gain a better understanding of physical processes which govern leakage current in
organic photodiodes, develop a good quality photodiode and integrate with CMOS
ROIC to realize a hybrid CMOS imager.
In this thesis, we have studied the issue of high reverse bias dark leakage current, a
common nuisance, in the context of bi-layer small molecule PDs. In order to
understand it, we fabricated several bi-layer OPDs (where we changed donor material)
and conducted electrical, optical, and temperature dependent measurements.
Sensitive optical measurements reveal the presence of sub-gap states which is in
direct correlation with the measured dark leakage current. These sub-gap states,
which are donor mediated new states at the interface underlines the role/importance
of junction on the leakage current in heterojunction OPDs. Furthermore, a high
performance CMOS compatible inverted OPD was fabricated. The obtained dark
leakage current of 6 x 10-10 Acm-2 at -0.5V reverse bias is one of the lowest reported
for < 150 nm thin films. The calculated specific detectivity is as high as 7.15 x 1012 cm
Hz1/2 W-1 at 500 nm and -0.5V and linear dynamic range (LDR) more than 140dB. In
the end, for the first time, small-molecule based OPD was integrated on CMOS ROIC
and characterized as image sensor.
Our work advances the understanding of OPDs in the context of leakage current. Our
work may act as input for chemists/material scientists to synthesize electronically
ordered material and device engineers to think of smart device design in order to
achieve low leakage current OPDs.

XIX

Abbreviations and symbols

AFM

Atomic force microscopy

Ag

Silver

Al

Aluminum

AM1.5G

Air mass 1.5 global solar spectrum

APS

Active pixel sensor

BCP

Bathocuproine

CBL

Cathode buffer layer

ClAlPc

Chloroaluminum phthalocyanine

CMOS

Complementary metal oxide semiconductor

CT

Charge transfer

C60/C70

Fullerene

CPD

Contact potential difference [eV]

CuPc

Copper phthalocyanine

CuSCN

Copper thiocyanate

D

Diffusion coefficient [m 2/s]

D*

Specific detectivity [(cm∙Hz-1/2)/W]

DBP

Tetraphenyldibenzoperiflanthene

Ea

Activation energy [eV]

Eb

Binding energy [eV]

ECT

CT state energy [eV]

EDA

Donor-acceptor interface energy gap [eV]

Eg

Bandgap [eV]

EQE

External quantum efficiency [%]

ETL

Electron transport layer

FF

Fill factor [%]

GDM

Gaussian disorder model

HOMO

Highest occupied molecular orbital

HRSEM

High resolution scanning electron microscopy

HTL

Hole transport layer

JSC

Short-circuit current density [mA/cm2]
XX

ITO

Indium tin oxide

J

Current density [mA/cm 2]

J0

Reverse saturation current density [mA/cm2]

Jph

Photocurrent density [mA/cm2]

k or K

Boltzman constant (= 8.617 x 10-5 eV/K)

LCAO

Linear combination of atomic orbitals

LD

Exciton diffusion length [nm]

LUMO

Lowest unoccupied molecular orbital

Mg

Magnesium

n

Ideality factor / Exciton density [nm -3]

N-DMBI

4-(1,3-Dimethyl-2,3-dihydro-1H-benzoimidazol-2- yl)phenyl)dimethylamine

NIR

Near-infrared

OLED

Organic light emitting diode

OPD

Organic photodiode

OPV

Organic photovoltaics

PCBM

[6,6]-Phenyl C61 butyric acid methyl ester

PCE

Power conversion efficiency [%]

PEDOT:PSS

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)

PPS

Passive pixel sensor

PIN

Incident light intensity [mW/cm2]

q

Elementary electric charge (= 1.602 x 10-19 C)

r

Intermolecular distance [nm]

R

Responsivity [mA/Mw]

RMS

Root mean square

Rsh/RP

Shunt resistance [Ω∙cm2]

RS

Series resistance [Ω∙cm2]

SubPc

(Chloro boron) subphthalocyanine

T

Temperature [K]

TAPC

1,1-bis [(di-4-tolylamino) phenyl] cyclohexane

TAT

Trap assisted tunneling

TiN

Titanium nitride

TFT

Thin film transistor

UPS

Ultraviolet photoelectron spectroscopy

V

Voltage [V]

Vbi

Built-in voltage [V]
XXI

Vapp

Applied voltage [V]

VOC

Open-circuit voltage [V]

XPS

X-ray photon spectroscopy

XRD

X-ray diffraction

ZnPc

Zinc phthalocyanine

𝜆

Wavelength [nm]

𝜇

Charge carrier mobility [cm2/(V∙s)]

𝜏ex

Exciton lifetime [s]

b

Barrier height for injection/transition [eV]



Conductivity [S/m]

XXII

Chapter 1 : Introduction to Organic Photodiodes
This chapter will give the reader general information about the field of organic
electronic devices with emphasis to organic based photodiode for their role as
photodetector. After that the objective and outline of this thesis will be given. This
chapter will also give the reader basic information on organic semiconductors, physics
of photogeneration and charge transport in organic photodiodes. The chapter ends
with listing some of the key figure of merits of a photodiode.

1.1 General Introduction and Outline
The field of organic electronics has come a long way since the seminal work on
conductive polymers by Shirakawa, MacDiarmid and Heeger in 1977 on Polyacetylene
polymer.[1] In the past 20 years, research on organic materials and devices based on
organic and organic-inorganic materials have made significant progress. Organic
semiconducting materials based devices are being investigated and lately even widely
commercialized for several applications. The most widely spread commercialization is
that of organic light emitting diode (OLED) display and there are emerging examples
of thin film transistors (TFT) to drive flexible circuits or even displays. There is also a
wide intensive activity in developing third generation photovoltaic cells (PV) based on
organic or organic-inorganic materials with the lab efficiencies being well above 10%.
A device structure that is by far less investigated is organic photodiode (OPD) as
photodetector. The field of photodetection is full of applications such as medical
imaging, security imaging, photo imaging etc. Light detection by organic
semiconductors benefits from an abundance of existing molecules having a high
absorption coefficient and varying spectral response which can further be tuned by
chemical modification. Furthermore, low cost production and conformability are
additional advantages of OPDs. It may seem strange that despite those
aforementioned advantages and availability of all the tools needed, OPD hasn't made
the same progress as OLEDs or OPVs.
Although the concept of OPDs was around for sometime, it is only relatively recently
that significant progress has been made, with their performance now reaching the
1

point that they are beginning to rival their inorganic counterparts in a number of
performance criteria including the linear dynamic range, detectivity, and color
selectivity.[2-5] Organic semiconductors are now being investigated for existing imaging
technologies, as their excellent optical properties make them an interesting candidate
for imager technology, with Panasonic and Fujifilm being the main industrial bodies
reporting such efforts.[6-8] The emphasis is no longer only focused on increasing
resolution (more number of pixels onto a chip), but to focus more on other
functionalities such as wide range of spectral responsivity, different dynamic range
and sensitivity, low power consumption etc. With the compatibility of OPDs with
inorganics allows to combine OPDs with silicon to realize hybrid CMOS image sensor,
which not only will allow to achieve high pixel fill factor but also the ease of switching
the process to different organic materials without increasing process complexity and
cost. Because of the thin organic photoactive layers (approx. 100nm) it is expected
that the optical cross pixel talk noise would be reduced too. Unfortunately, leakage
currents in OPDs often exhibit values much larger than needed in good quality
imagers. High leakage currents and inadequate understanding of its physics in OPDs
are some of the hurdles which has affected the development of OPDs as
photodetector.
The main focus of this thesis is to understand the physical processes that govern dark
leakage current in OPDs. Within this thesis, the way towards a hybrid CMOS-imager is
illustrated, demonstrating the development of an organic photodiode suitable for
integration to the CMOS chip. Here, the well-established processing of silicon circuitry
and the state-of-the art imaging performance are exploited at the CMOS-side. Chapter
1 gives basic understanding of organic semiconductors and its properties. This chapter
sets the tone of the following chapters by describing basic but important characteristic
parameters of organic photodiode as photodetector. Chapter 2 describes the
development of small molecule photoactive film based organic photodiodes. This
chapter was used to gain understanding of the role of device structure and active layer
thickness on the device performance in the context of solar cell. Chapter 2 also
introduces leakage current and attempts made in minimizing it in the devices studied.
Chapter 3 focuses on detailed analysis of leakage current in heterojunction based
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OPDs. We study temperature dependence of the photodiode characteristics, role of
morphology, sub-gap absorption, and simulations to probe the effect of the junction
on the leakage current. Chapter 3 contains details of development towards achieving
an ultra-low leakage current photodiode. Chapter 4 discusses step by step approach
towards achieving an OPD suitable for CMOS-chip integration. Chapter 4 contains
description of the used materials and the results from fabricated inverted top
illuminated OPD. Additionally, important photodiode performance and material
characteristics will be addressed as well as the ways to measure them. The results of
chapter 4 was used to integrate our OPD on top of CMOS substrates. Details of the
integration of this device and characterizations have been included in chapter 5.
Finally, in chapter 6 the main conclusions of this work, together with final comments
are summarized.
In the following we provide a very brief introduction to organic semiconductors,
relevant physical mechanisms, device structures, and characterization methods. More
details can be found in reviews and text books.[2, 9]

1.2 Organic Semiconductors
The main difference of organic semiconductors compared to atomic semiconductors
is the presence of molecules, which maintain most of their characteristics also in the
solid state. Organic molecules contain basically carbon, hydrogen, oxygen, nitrogen
and halogens which usually form only electrically insulating material. We know from
inorganic semiconductor theory that covalently bonded periodic ensemble of atoms
form delocalized states which form bands where charges move in a band-like
transport. However, this delocalization is much less pronounced in organic solids
which are composed of weak intermolecular van der Waal force connected molecules.

In organic molecules, bonds can be formed between neighboring carbon atoms. For
example, in ethylene C2H4 molecule neighboring carbon atoms form sp2 hybridized 
-bond while perpendicular pz orbital of each carbon atom remain out of the plane
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(Figure 1.1a). The out of the plane pz orbitals overlap and form the so-called

 -bond.

In the quantum mechanical picture, these bonds are approximately formed by linear
combination of atomic orbitals (LCAO) method, leading to overlap of wave functions.
Depending on the phase of the overlapping wave functions, bonding (HOMO,  ) or
antibonding (LUMO,   ) states are formed. Similarly in benzene C6H6, each carbon

 -bond and one  -orbital. Six out of plane pz
orbitals again overlap and forms bonding (HOMO,  ) and antibonding (LUMO,   )
states (Figure 1.1b). By adding more rings, i.e. extension of  -system leads to further
atom forms three sp2 hybridized

energy splitting which decreases the HOMO-LUMO distance. This energy alignment
between HOMO and LUMO can be understood by considering electron in a

 -system

as a particle in a box. We know from quantum mechanics that as the size of the box
increases the distance or the gap between the energy eigenvalues decreases towards
the infinite-length (bulk) bandgap (see Figure 1.1c).

For large molecules or polymers there are multiple intramolecular levels of both the
bonding and anti-bonding type. The gap between these groups is the LUMO-HOMO
gap across which thermal or optical excitation can promote an electron from HOMO
level to LUMO level. This adjustability of the bandgap provides some tuneability of the
optical transition in the relevant spectral range. Wider tuning would be achieved
through a different chemical structure. When molecules or polymer chains come
together to form a perfect crystal like organic solid, the electronic structure becomes
more like Figure 1.1c (sub-Figure d). Since the molecules interact only by the weak van
der Waals interaction, the top part of the occupied states (HOMO) and the lower
unoccupied states (LUMO) are usually localized in each molecule comprising the solid.
Thus the electronic structure of an organic solid largely preserves that of a molecule
or a single chain, and real bands would rarely form.
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Figure 1.1 Visualization of bonding and antibonding



-orbitals in (a) Ethene

molecule (b) Benzene molecule. (c) Energy level splitting and continuum of energy
states forming when the number of atoms in the system increases (a-c). An alternative
representation for polyacetylene where bonding and antibonding orbitals are shown
as bands separated by a gap with the Fermi level lying in the gap in sub-Figure d.
Figures are modified from reference.[10]

1.2.1 Small molecular thin Film
Organic semiconductors generally fall into two major categories – low molecular
weight materials (small molecule) and high molecular weight materials (polymers).
Examples of few small molecules and polymers used in this thesis work is shown in
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Figure 1.2. Evaporation/thermal deposition is the common technique adopted for
forming small molecule based films. The use of solvent-free vacuum processing has
several advantages such as evaporation of multiple layers or co-deposition of more
than one compounds, homogeneity of deposited layers, deposition rate control, and
its precise film-thickness control (sub nm). Moreover, controlling the substrate surface
condition, namely the substrate character and its temperature, thin-film growth can
be influenced. Such an example is shown in Figure 1.3, which basically shows that by
changing the substrate temperature during material deposition different film
morphologies can be obtained. These interesting characteristics make small molecules
a good semiconductor material choice for OPDs.

Figure 1.2 Molecular structure of range of small molecules (up) and polymers (down)
used in this thesis work.
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Figure 1.3 AFM scanned surface images of vacuum deposited CuPc film deposited
where substrate temperature is (a) at room temperature (b) at 100 degree and (c) at 150
degree. The deposition rate in all three cases were same 0.5 A0/s.

1.3 Working principle of donor-acceptor heterojunction
organic Photodiodes
An organic photodiode is an optoelectronic device where photocurrent is generated
by the absorption of a photon, which leads to generation of electron-hole pairs.
Compared to inorganic based photodiodes such as p-n or p-i-n, organic photodiodes
show a major difference in the photogeneration process. Unlike inorganic based
photodiodes, in organic photodiodes photon absorption does not directly lead to free
charge carriers, but to strongly bound excitons. Because of the strong coulombic
attraction spontaneous separation of charges (electric field and temperature
activated) are well below the required level set by applications. Showed by Tang, that
in organic solar cells, where the excitons need to be dissociated on the molecular
scale, the charge separation is achieved using two different molecules, donor and
acceptor, within the film that supports charge transfer.[11] One molecule is of electrondonating type (donor) and the other one shows strong electron-accepting properties
(acceptor). This charge separating electronic junction normally consists of either a
single donor-acceptor interface also known as planar heterojunction or multiple such
interfaces known as bulk heterojunction (see Figure 1.4). The donor material has a
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lower ionization energy and electron affinity (or, equivalently, higher HOMO and
LUMO levels) with respect to the acceptor. This energetic offset at the donor-acceptor
interface is what provides the energy needed to overcome the exciton binding and
enable efficient exciton dissociation and generation of free charge carriers in organic
semiconductors.

Figure 1.4 Organic photodiode based on donor-acceptor structure in the device where
(a) donor and acceptor are in form of continuous layers forming a single interface
called as planar heterojunction (PHJ) or heterojunction or bi-layer. (b) Donor and
acceptor are intermixed called as bulk heterojunction (BHJ) or mixed layer.

1.3.1 Photocurrent generation in Organic photodiodes
Photocurrent generation process in organic photodiodes whether it is solar cell or
photodetector remains the same. The main difference between a solar cell and a
photodetector arises from their mode of operation and device specific performance
parameters. We will delve deeper, into some of the following differences, in chapter
3.
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The whole photogeneration process can be divided into four major steps as shown in
Figure 1.5 : (1) Photon absorption (2) Exciton diffusion (3) Dissociation of excitons into
free charges (4) Charge transport to electrodes. Each step has a quantum conversion
efficiency which is determined by the optoelectronic properties of the materials
present in the device stack.

Figure 1.5 Steps of photocurrent generation process in organic photodiodes, showing
the absorption of a photon and creation of a bound Frenkel exciton in the donor of a
donor-acceptor heterojunction structure (step 1), the exciton diffusion (step 2) and
dissociation (step 3) at the heterojunction interface, and finally the collection of
separated electrons and holes at the cathode and anode, respectively (step 4). E b is
the exciton binding energy which can be seen as the energy difference between a
bound electron-hole pair and the energy of a completely separated electron-hole pair.

(1) Photon absorption – Incoming photons with energy equal to or larger than the
optical bandgap of the absorbing material are absorbed. Because of the higher
oscillator strength due to the intrinsic molecular nature, organic materials usually
have high absorption coefficient. Most organic semiconductors show absorption
coefficients higher than 105 cm-1. This means that very thin layers (~ 100nm) are able
to absorb almost 70% of the light. Since organic photodiode consists of multilayer
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stacks and a reflective electrode, interference of the incoming and reflected light
affects the optical field distribution within the device. Thus it is not only the thickness
of the active layer but also its position within the device determines the absorption
efficiency. If the optical constants of the stack materials and their thickness are known,
the electric field intensity profile and absorption profile can be simulated using a
transfer matrix approach. Hence, an optimization of the absorption means finding
molecules with high absorption coefficient in the desired spectral range and adjusting
the stack for optimum absorption.
(2) Exciton diffusion - Photon absorption in organic semiconductors does not directly
result in free charge carriers. Instead a tightly bound electron-hole pair commonly
called Frenkel excitons are formed. Frenkel exciton can be seen as a tightly bound
electron-hole pair with the exciton binding energy (Eb in Figure 1.5) as difference
between its energy and the energy of a completely separated electron hole pair. The
binding energy is in the range of several 100 meV,[12] because the dielectric constant
of organic materials is relatively low (~4) compared to inorganic semiconductors
(~12).Because of the zero net charge these quasi-particles can be considered as
neutral. The transport of a Frenkel exciton as neutral quasi-particle is most easily
described by a diffusive motion, through Förster[13] or Dexter[14] transfer processes, in
the molecular solid environment (see Figure 1.6).

Förster (singlet) transfer mechanism describes a radiationless transfer process, which

therefore does not involve emission of the light from the emitter molecule at any
stage. It proceeds instead via a coulombic interaction of the dipoles of the two
molecules, emitter and receiver. The movement of the excited electron on the donor
molecule creates an oscillating dipole, which in turn induces an alternating electric
field. This oscillating electric field induces a dipole in the acceptor molecule. For it to
be efficient the oscillating electric field needs to be in resonance with an electron in
the acceptor molecule. In this case there will be efficient coupling via dipole-dipole
interaction and, possibly resulting in promotion of the electron to an excited state on
receiver, and de-excitation of the electron on emitter. It can be of long range (several
nm) and decays with distance r-6 where r is the distance between emitter and receiver.
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This resonant transfer conserves each spin of emitter and receiver. Therefore, it allows
only for singlet transfer.
Another radiationless transfer mechanism is Dexter (singlet or triplet) transfer. It
requires a spatial overlap between the electronic wave function in emitter and
receiver. This mechanism is an electron exchange process, where the excited electron
from the emitter molecule is exchanged for a ground-state electron from the receiver
molecule, which is comparable to hopping charge transport. Because of direct
electron transfer between nearest neighbor it is a short range process with a rate
exponentially decreasing with distance (e-r). All transitions which conserve the total
spin of the involved molecules are allowed, including triplet-triplet transitions.

Figure 1.6 Exciton transport mechanisms: Resonant Förster (only singlet) and hopping
Dexter (singlet and triplet).

In order to dissociate, the exciton has to reach a donor-acceptor interface. During this
process, diffusion (D) and relaxation () compete with each other. The efficiency of the
exciton diffusion step is then related to the exciton diffusion length ( LD  D ), which
is the average distance an exciton diffuses before it decays to the ground state. Exciton
diffusion lengths and lifetimes can be measured by photoluminescence
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measurements.[15] Common values of LD in case of amorphous organic films are in the
range of 10 nm.[15] In most cases LD is smaller than the film thickness. This might cause
loss in photogeneration in planar heterojunction structures where excitons generated
farther than length LD from the donor-acceptor interface will be unable to reach the
interface within their lifetime (). To overcome this problem, the planar arrangement
is changed to a volume structure by mixing donor and acceptor molecules to form a
bulk heterojunction.
(3) Exciton dissociation – Excitons that diffused to interface undergoes dissociation
towards free charges. There are several theories about how this dissociation happens.
Various reports have demonstrated that exciton dissociation at the donor-acceptor
interface proceeds through an intermediate charge transfer (CT) state, which is bound
electron-hole pair where electron and holes are on acceptor and donor side
respectively.[16-18] This CT state consists of an electron located on an acceptor
molecule bound to a hole located on an adjacent donor molecule. The presence of this
interfacial CT state has been demonstrated by using highly sensitive technique of
photothermal deflection spectroscopy and sensitive photocurrent spectra, indicating
photoexcitation of the CT states at long wavelengths.[19] Furthermore, radiative decay
of CT states or CT emission has been observed in photoluminescence (PL) and
electroluminescence (EL) measurements which confirm its existence.[16, 20]
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Figure 1.7 Energy diagram of the free carrier generation process at solid-state organic
donor–acceptor interfaces. Arrow marked 1 shows excitation of electron from the
ground state or HOMO (S0) of the donor molecule to excited state (S1). Process 2 shows
charge transfer state formation. This CT state can be separated into free charge carrier
(process 4) or recombine to the ground state (process 3). Free electrons and holes can
however form CT state at the interface (process 5). Process 6 shows an alterantive
path via hot CT states to free charge carriers.

In Figure 1.7 basic process steps of exciton dissociation into free charge carrier at
donor-acceptor interface is shown. The optical excitation of the ground state (S0)
results in the formation of singlet excited state (S1). This excited state then undergoes
charge transfer to form CT state (process 2).The final dissociation from CT state to free
charge carriers is temperature and field dependent (process 4). In a basic
approximation this CT state to free charge carrier dissociation can be described by
Onsager Braun theory.[21-22] Furthermore, it is in competition with the relaxation of
the CT state (geminate recombination) (process 3). The CT separation is however a
reversible process. This means that free electrons and holes can form CT state when
they meet at interface (process 5).
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The second idea suggests instantaneous separation and complete dissociation of
excitons without going through intermediate CT state (see Figure 1.7). In other words,
the excess energy from the energy offsets (at donor-acceptor interface) is used for
overcoming coulomb attraction via hot CT excitons CT*.We will not delve into the
details of this process but relevant information can be found in literature.[23-25]

(4) Charge transport and collection – Once separated, charges have to be transported
through the organic materials to the electrodes. Thin films employed in real devices
such as organic photodiodes are mostly amorphous in nature which causes
distribution in the energy of individual molecules. The distribution of these sites is
largely dependent on the nature of molecular solid. For disordered organic solid, the
most common model for a theoretic description of hopping is the Bassler model also
called Gaussian disorder model (GDM) (see Figure 1.8).[26] Here, the density of
electrons in the LUMO and holes in the HOMO is expressed as Gaussian distribution
as:
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2 2
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where N is the total density, E-E0 is the energy relative to the center of the Gaussian,
and

 is the variance or the width of the Gaussian density of states.

In the presence of disorder, charge transport takes place via a hopping mechanism
where charge carriers jump from one discrete energy level to another within the
broadened density of states, under the influence of a driving force such as an applied
voltage. With the above Gaussian shaped density of states, a transport model for the
movement of charges between the localized states was developed by Miller and
Abrahams.[27] Generally, hopping transport is assumed as a phonon-assisted tunnel

process, whose jump rate is given by the Miller-Abraham model as
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(1. 2)

where vij is the jump rate from site i to j . The first exponential term of Eq. (1. 2)
describes the wave-function overlap and represents a tunneling probability,
dependent on the site distance

Rij and the wave-function decay parameter  . Ei and Ej

are the energy of the sites i and j.

The model of Miller and Abraham is very basic and does not take into account the
presence of trap states, in which carriers are trapped and released with certain time
constants. Other models such as developed by Arkhipov et al. takes the presence of
trap states and its distribution into account.[28-29] An extension of the Bassler’s GDM
model was given by Pasveer et al., who also included the dependence of the mobility
on charge carrier density.[30]

Figure 1.8 Illustration of hopping transport between sites (e.g. from E i to Ej) in a
Gaussian distribution of site energies. In the framework of the Bassler model, the
inter-site distances Rij are also assumed to be Gaussian distributed around an average
distance R0. The figure is modified from reference [31]
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A highly amorphous film will result in poor overlap of

 -orbitals which means a lower

intermolecular charge transition probability. Such films result in a very low charge
carrier mobility. Therefore a close packing of the molecules and a crystalline structure
is essential to maximize the

 -orbital

overlap which improves the conduction

properties of the material.
In the presence of electric field, the energy offset between sites i and j will change
which will affect the second exponential term of Eq. (1. 2) and thus the jump rate
between the sites. The jump rate will increase if the field acts towards lowering the
energy offset between the sites. The alignment of the Fermi levels of the two
electrodes create a negative internal field E=-Vbi/d, known as the built-in field which
basically is the difference between the work functions of the two contacts (Vbi )
divided by the device thickness (d) . This field that helps drive electrons toward the
cathode and holes toward the anode. Under a reverse bias condition the field
increases further E=-(Vbi+Vapp)/d, exercising a stronger force on the charge carriers.
This electric field drives the photogenerated electrons and holes in opposite directions
toward their respective electrodes.

1.4 Organic photodiode characterization
A photodiode can be represented by an equivalent circuit comprising a photocurrent
source ( J ph ) in parallel with an ideal diode and some parasitic resistive components
(Figure 1.9a). The equivalent-circuit model is characterized by a very high level of
abstraction, because physics is represented by ideal electrical components like
resistors, diodes, and current sources. The current density in the model equivalent
circuit is described as:
 qV  JRS  nKT



J  JS  e
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V  JRS
 J Ph
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(1. 3)

Above equation is basically a modified version of Shockley diode equation originally
derived for an ideal p-n junction.[32] The first term of Eq. (1. 3) on the right side stands
for the diode's current in the dark under an applied bias where V  Vbi Vbias . Eq. (1. 3)
takes into account losses due to macroscopic series resistance ( RS ) by lowering the
effective voltage by JRS . Physically this series resistance affects the charge transport
and collection process and depends on film properties such as conductivity, mobility
and also includes contact resistances. The second term of Eq. (1. 3) shows parasitic
parallel resistance ( RP ) which basically introduces an additional current channel
flowing through the diode. This additional current which is not the part of an ideal
diode current is mostly used to explain reverse bias leakage current. Details of this
shunt resistance and its role in the context of leakage current is presented in next
section. The third term J Ph stands for photogenerated current under illumination.
Although the main theme of this thesis is on organic photodiode as a photodetector,
some devices were also characterized under high illumination under zero or positive
bias (as solar cell) to understand physical processes which govern device's
performance at low operating voltages.
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Figure 1.9 (a) Equivalent circuit of an organic photodiode and its components, showing
the photocurrent source (Jph), the dark current of diode (Jd), the diode capacitance (c),
the series resistance (Rs), the shunt resistance (Rp), and the current flowing through
the shunt resistance (Jp). (b) Typical current-density curves in dark and under
illumination. Current-voltage curve under illumination showing the short-circuit
current (JSC), the open-circuit voltage (VOC), and the maximum achievable power area
in pink.

1.4.1 Organic photodiode as solar cell

In the simplest definition a solar cell is an energy converter which converts light energy
into electrical energy. Upon illumination, a photodiode generates electrical power
under an applied bias between 0 to VOC. Furthermore, by applying a reverse bias, one
can examine the dependence of photocurrent on bias in order to diagnose the source
of low efficiency cells.
Typical current-voltage characteristics for a solar cell in the dark and under
illumination is shown in Figure 1.9b. The power conversion efficiency (PCE) of any solar
is the efficiency at which it converts optical energy into electrical energy is given as

POut Electrical V  J  FF


PCE 
 OC SC
PIn Optical
PIn Optical





(1. 4)

Where FF (Fill factor) is defined as
FF 

VMPP  J MPP
VOC  J SC

(1. 5)

Fill factor, which represents the squareness of the photocurrent-voltage curve is
dependent on a host of device properties. But in general higher fill factors are
achieved for materials and device structures that more efficiently transport and
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extract photogenerated carriers. In another words, fill factor is influenced by series
and shunt resistances as these parasitic components are responsible for different loss
mechanisms as explained in the earlier section (1.4 Organic photodiode
characterization).
The short circuit current, J SC , is the photocurrent at zero applied voltage. In a solar
cell, the external quantum efficiency (EQE) at 0 V multiplied by the total number of
photons integrated over whole solar light spectrum gives the short-circuit current
density. It is worth mentioning that J-V curves under illumination as shown in
Figure 1.9b has the dark current part as well. Thus in order to get the true
photocurrent, dark current needs to be subtracted from the total current.
The open circuit voltage, VOC , is the voltage at which the total current under
illumination is zero. Open circuit voltage in organic heterojunction based solar cells
depends on the effective donor-acceptor gap (EgDA) and charge carrier dynamics at the
interface is given by
eVOC  EgDA  kT ln

NC NV
np

(1. 6)

1.4.2 Organic photodiode as photodetector
Under dark condition, a photodiode works as a simple diode. In most organic
photodiodes, electrodes work function are chosen according to the HOMO and LUMO
levels of the organic semiconductor. In other words, only electrons can be injected at
the cathode terminal and only holes at the anode in the forward bias condition. While
in the reverse bias due to high injection barriers for electrons at the anode and holes
at cathode the observed current is very low. This phenomena leads to rectifying
behavior in the dark current-voltage characteristics of organic photodiodes.
Figure 1.10 shows room temperature dark J-V characteristic curve of a planar
heterojunction organic photodiode. The J-V curve can be broadly separated into three
separate regions: (i) at reverse bias and low forward bias the characteristics is
symmetrical. The current in this region is normally termed as leakage current. The
exact mechanism(s) which are responsible for this leakage current is still a highly
debatable topic. (ii) at higher forward voltages current exhibits exponential diode
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characteristics ( J  exp  qV nKT  ) due to improved injection and diffusion of charge
carriers. The forward current increases until the device reaches to space charge
limited regime shown as (iii).

Figure 1.10 Dark current-voltage characteristics curve of an organic photodiode,
showing different regions of the current with respect to the applied bias, where region
(i) is the leakage current, region (ii) is the exponential part of the current, and region
(iii) is the space charge limited (SCL) current.

Although having the same device structure as solar cells, the application of
photodetectors is to detect light and produce an electrical signal instead of delivering
a photoinduced power to an external load. Based on this requirement photodetectors
are normally operated under a reverse voltage bias condition. Reverse bias improves
photogenerated charge carrier transport and collection. This is especially true for low
mobility organic semiconducting films where charge transport and collection is far
from ideal. This improved charge collection has direct impact on the EQE and
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Responsivity (𝑅 = 𝐽photo/𝑃in) which are figures of merit for a photodetector. One of the
most important figures of merit of a photodetector and image sensors is Noise
Equivalent Power (NEP). NEP is the most important parameter in image quality It is
the minimum optical power required for an output signal- to-noise ratio (SNR) of one.
Photodetector in itself is a source of noise and if the noise current is high it can
degrade the SNR of photodetector. For example, dark leakage current of diode is one
of the sources of noise. Hence it is important that photodiode has low dark current
especially for applications where high sensitivity is required. In the following section
key figure of merits of a photodetector is described.

1.4.2.1 Leakage current and noise
One of the prerequisites for high performance photodetectors are low dark current
density at a negative bias. Most of the OPDs show leakage current values which are
several orders higher than the conventional silicon based photodiodes. The leakage
current in OPDs can originate from different mechanisms of which some are listed
below

1. External factors: A major difficulty in the understanding of leakage current in OPDs
is to separate the real contributions of the intrinsic dark current of the devices from
the parasitic current. This so called parasitic current can be due to topological defects
such as substrate roughness which can create shortcuts or high conductive pathways
between the electrodes.[33] Other reasons which can cause similar effect are
introduction of particles during fabrication, agglomeration of materials during
processing, edge effects of electrodes, and formation of voids in the film also known
as pin holes. Careful substrate and materials preparation should allow to mitigate
these external factors.

2. Reverse charge injection: Another possible source of leakage current in case of OPDs
is reverse charge injection, i.e. injection of electrons (holes) from the anode (cathode)
in the reverse bias condition. Due to their finite thermal energy charges can overcome
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the contact barrier and once they are on semiconductor side they can flow to the
opposite electrode thus contribute to the leakage current. Secondary effects such as
interfacial dipoles, energetic disorder can influence the reverse charge injection by
altering the barrier height.[34] By introducing charge-blocking layers reverse charge
injection can be effectively suppressed.

3. Thermal generation: Carriers can be generated by thermal excitation in the bulk or
at donor-acceptor interface and form part of the dark current. Inter-band trap (defect)
states in the bulk or at interface region can potentially enhance the generation
process. This trap-assisted process is essentially the reverse of Shockley-Read-Hall
(SRH) recombination.[35]

4. Tunneling: Direct tunneling or band to band tunneling can occur in devices where
LUMO of acceptor is close to the HOMO of donor material.[36] Tunneling can also occur
through an inter-band trap (defect) state. Due to thermal excitation, electron can
excite from the HOMO of donor and can be trapped in one these states. If this state
exist at the interface, and sufficient reverse bias is applied, electron from this trap can
tunnel to the LUMO of acceptor. Alternatively, this trapped electron can tunnel to
another trap site on acceptor and hop to electrodes contributing leakage current.[37]
When these dark currents are taken into account, the photodiode no longer follows
the ideal diode characteristics. The dark leakage current is one of the main sources of
noise in photodiodes. Noise in photodiodes are unwanted signal that exist in the
absence of light. Three main types of noise in photodidoes are shot noise (dark shot
noise), thermal noise, and flicker noise.[38]

Dark shot noise is associated with the leakage current and is determined by the
random arrivals of charge carriers to the external circuit. Shot noise for the dark
current is defined as

I shot noise  2eJ dark B

(1. 7)
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Thermal or Johnson noise is generated by thermally induced motion of electrons in
any kind of conductor. It depends on the resistive element of the transport channel
given as
Ithermal noise 

4kTB
R

(1. 8)

Flicker noise also called as 1/f noise is the least understood noise source. Possible
sources for this noise are traps or impurities which randomly capture and release
carriers. As the name suggests, it is most significant at low frequencies.

1.4.2.2 EQE and Responsivity
Quantum efficiency of photodiodes are generally expressed as EQE. EQE is defined as
the charge carriers collected per incident photons. Spectral EQE of a photodiode is
expressed as:
EQE=

number of electrons extracted to the external circuit
number of incident photons on the active area

(1. 9)

EQE are generally measured as a function of wavelength which is also known as
spectral EQE can be expressed as:
EQE(λ)=

Photocurrent  A
Area cm2   Light Intensity W



cm2 



1240



(1. 10)

In normal working conditions, a photodiode at most generate one electron-hole pair
per absorbed photon which limits EQE value to be always less than 100%. However,
by device structure engineering to creating carrier imbalance or by introducing trap
sites it is possible to inject carriers from opposite electrodes, i.e. holes from cathode
or electrons from anode it is possible to achieve photoconductive gain. Such devices
exhibit EQE > 100%.[39-40]
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It is also common to express EQE in a more practical format: Responsivity, which
measures current in the external circuit per Watt of incident light is given by:

R   


P W cm 


I Ph A cm2

(1. 11)

2

It can be calculated with the EQE as:

R   

EQE     q  
hc

(1. 12)

Responsivity varies with the wavelength of the incident light and applied bias.
Responsivity is directly proportional to the wavelength thus even a moderate EQE at
longer wavelengths such as NIR region will have decent responsivity. Normally a
reverse bias improves EQE and hence responsivity due to efficient charge transport
and collection. But this improvement in responsivity under reverse bias greatly
depends on the photoactive film (whether the film is bi-layer or mixed) and device
structure. Ideally a high responsivity is needed in imagers where available photoactive
areas are much smaller due to high density of pixels.

1.4.2.3 Noise equivalent power and Detectivity
One of the key figure of merits of a photodetector is the noise equivalent power (NEP).
The NEP is defined as the minimum incident light power required in order to generate
an electrical signal equal to the noise current signal of the photodetector. NEP is
usually measured at certain wavelength and within the bandwidth of the measuring
system and expressed as:

I noise  A Hz1/2 
NEP 
R     A W 

(1. 13)
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Detectivity (D) of a photodetector is characterized by its ability to detect low level
lights. It is defined as the inverse of NEP. Detectivity is inversely related to the
photodetector area. To remove this area dependency in order to compare the
performance of detectors with different area specific detectivity (D*) term is normally
used. Specific detectivity is the inverse of NEP, normalized by the photodetector area
is expressed as

1.4.2.4 Dynamic range
Dynamic range of a photodetector is defined by its ability to adequately sense light
intensity varying from ultralow intensity to high intensity. For real-life applications it
is desired that OPDs have a large linear dynamic range (LDR). The word linearity comes
because photocurrent signal varies linearly with light intensity, where the responsivity
is a constant. LDR is expressed as number of order of magnitude (either photocurrent
or intensity) over which photodetector's responsivity is linear

 I min 
V
 or 20 . Log  min
 Vmax
 I max 

LDR=20 . Log 





(1. 14)

For imagers, this range can be described by the ability of the sensor to adequately
image both high light intensities and dark shadows in a scene.

1.4.2.5 Response speed
The speed of a photodetector is usually characterized as rise and fall time or cut-off
frequency. The rise time is defined as the time which is required to increase the output
signal from 10 % to 90 % of the final output level. A different way to describe the
photodetector speed is the -3 dB cut-off frequency. It is defined as the frequency at
which the maximum signal response of the photodiode decreases to 1 2 of the DC
value. The measurement of the -3 dB cut-off frequency is performed by illuminating
the photodiode with light pulses of constant height but varied frequency. The
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photodetector response time respective frequency is influenced mainly by two
components, the transit time ttr and the RC time constant tRC. The transit time is the
time which is required by the photogenerated carriers to cross the photoactive layer
to reach the electrodes. It is given by ttr = d2/μV with the layer thicknesses d, the carrier
mobility μ and the voltage drop V. In the RC time constant tRC = RC, R sums up the
serial resistance of the electrodes and the load resistances and C is the photodiode
capacitance plus all additional capacitances of the external circuit. The -3 dB
bandwidth is expressed as

f 3dB 

f tr f RC

(1. 15)

2  f2
f RC
tr

Where ftr and f RC are carrier transit time limited and RC limited bandwidths
respectively given as

ftr  3.5
2 ttr
and

f RC 

1
2 RC

The best strategies for achieving a high frequency response are to minimize the
carriers transit time to the electrodes and any parasitic capacitance formation in the
device. Conventional imaging applications require typical frame rates of around 50
frames/sec with typical integration times and data transfer times in the order of
milliseconds.
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Chapter 2 : Small Molecule Organic Photodiode as Solar
Cell

The field of organic photovoltaics (OPV) is an active area of research due to ease of
processability, low cost, and potential for flexibility. These characteristics make OPVs
a good alternative to traditional silicon based inorganic solar cells. Since the early
works on single donor-acceptor heterojunction[11] and bulk heterojunction[41-45] solar
cells, the power conversion efficiency (PCE) of OPVs has been steadily improved
through the use of new materials and innovative photovoltaic cell structures.
Extensive research has been done on conjugated polymer based planar and bulk
heterojunction solar cells to push the PCE to higher values necessary for practical use.

Small molecules have also been studied for their use in OPVs and OPDs.[46] Solution
processed small molecule based solar cells have also been actively studied and
efficiency as high as 9% has been achieved.[47-48] Some of the best results in small
molecule solar cells have been obtained through thermal codeposition of donoracceptor, which forms the photoactive layer.[49-50] Codeposition of donor-acceptor
forms an interpenetrating network of donor-acceptor in the photoactive layer that
leads to exciton dissociation and charge generation throughout the active layer. Small
molecule solar cells based on phthalocyanine-C60 donor-acceptor couple have been
the leading material of choice for device study due to the stability in film formation
and reasonable efficiency of the devices. Optimization of the photoactive layer
composition,[51] adoption of novel device structures,[52] and the use of excitonblocking layer[53] have resulted in increase in efficiency of CuPc-C60 based solar cells.
As a starting point, we choose CuPc:C60 material system for our study.

This chapter will give the reader a basic understanding of the build-up of organic
photodiode for its potential use as a photodetector. Although the majority of work
reported in this and next chapter is based on using the OPD as a solar cell, it does lend
27

itself as a platform to understand the role of electrodes, various interfaces within the
structure and the influence of active layer thickness on the performance of the device.
We use the most common donor:acceptor pair (CuPc:C60) to set the scene and study
various aspects related to evaporated cells. We begin by introducing the pixel layout
as well as materials and different device structures used in this work. Method of the
device fabrication and optimization, different measurement techniques and device
modeling in the context of solar cell is included.

2.1 Pixel layout
Most conventional OPDs consists of a transparent substrate, either glass or some
flexible foil, and ITO as an anode. Because of its excellent optical and electrical
properties, ITO is widely used in OPDs. ITO, however, is known for its rough texture
and if proper care is not taken it may affect the device performance especially diode's
leakage current.[54-57] Leakage current can arise from the spikes on the ITO anode and
the short path between the anode and cathode. The leakage current can severely
affect photodetector’s performance. Previous studies, in case of organic light emitting
diode (OLEDs) have demonstrated that such leakage degrades the stability and
efficiency of OLEDs.[58]
(b)

(a)

ITO
Metal
Polyimide
AFM Image of bare ITO surface
Figure 2.1 (a) Tapping mode AFM scan images of the topology of ITO substrate used.
(b) The layout of the ITO pixel design to eliminate edge effects (see text below).
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Figure 2.1a shows AFM scans both as a color map and a 3D presentation. It shows that
the ITO tends to have sporadic spikes which demands some processing to be done in
order to eliminate their effect. Figure 2.1b shows an elaborate design, of the
photodiode’s pixel, which eliminates edge effects. Typically, where the edges of the
ITO overlap the top electrode, there would be high electric fields and various nonuniformities that would contribute to leakage current. Using photolithography, we
first covered the edges of the ITO with a stripe of aluminum that has two functions:
(1) It reduces any serial resistance that may be associated with the ITO; (2) It creates
an optical mask that defines the illuminated area. Next, an insulating polyimide layer
is deposited and covers the added metal as well as some of the ITO. Namely, it defines
the active electrical area to be slightly smaller than the optically exposed area. With
this full design, we both well define the pixel area as well as try to eliminate extrinsic
factors. Each pixel has an area of 18.4 mm2 and each device has two pixels.

2.2 Materials and processing
This section discusses each individual material components used in the OPD stack and
their role in the context of investigated devices.

2.2.1 Anode
Conventional OPDs use ITO as a transparent bottom electrode. This choice stems from
the fact that the ITO has a good transmittance (~ 90 %) in the visible spectrum and a
very low sheet resistance (~ 10 Ω/sq). Moreover, its high work function (~ 4.9 eV)
together with suitable hole transport layer (HTL) such as PEDOT:PSS (see next section)
forms favorable energetics with the HOMO of most of the organic semiconducting
donor materials. In this chapter, Indium-tin-oxide (ITO) coated glass (PsiOTec Ltd.) was
used as the substrate in all devices.
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2.2.2 Hole transport layer (HTL)
In this chapter PEDOT:PSS was predominantly used as hole transport layer. But several
other HTLs such as CuSCN, PTAA, poly-TPD, PFB, and P3HT are also studied in the
context of leakage current.

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) or PEDOT:PSS is a widely
used polymer in organic photovoltaics. It consists of conjugated polymer PEDOT which
is based on polythiophene and water-soluble poly(styrenesulfonic acid) (PSS). The
chemical structure of PEDOT:PSS is represented in Figure 2.3a. PEDOT itself is not
intrinsically conductive, but doped with PSS it becomes a p-type semiconductor with
a conductivity which is controlled by the excess amount of PSS in the solution. In this
work, PEDOT:PSS from Heraeus CLEVIOS P VP AI 4083 was used.

The advantage of having PEDOT:PSS as HTL is twofold. Firstly, its high work function
(5.2 eV) allows efficient charge injection and extraction from ITO into donor HOMO
and vice versa. Secondly, PEDOT:PSS acts as surface planarizer layer which helps get
rid of ITO spikes which results in improved reverse bias dark current

2.2.3 Photoactive Layer
Organic semiconductors are broadly divided into two subfamilies, polymers, and small
molecules. Because of their large molecular weight, polymers are processed via
solution deposition. However, use of polymers might be tricky to work with in
multilayer devices. For example, spin coating photoactive film on an existing ETL or
HTL polymeric layer would demand the use of an orthogonal solvent in order to
protect the underneath layer. Small molecules, on the other hand, are low molecular
weight materials which makes possible for them to be thermally deposited on any kind
of substrate. In addition to that, thermal deposition gives better control over film

30

thickness and using co-deposition technique greater control of film composition is
possible.

Figure 2.2 Molecular structure of photoactive materials used (a) Copper
phthalocyanine (CuPc) used as donor (b) Fullerene (C60) as acceptor (c) Schematic of
a thermal evaporator (VINCI Technologies) used in this work. (d) Absorption spectra
of CuPc, C60, and codeposited mix layer (volume ratio 1:1) of CuPc and C60.
Shown in Figure 2.2(a-b) are photoactive materials copper phthalocyanine (CuPc) and
fullerene (C60) which have been used in this work. Both materials are photo sensitive
in the visible spectrum as shown in Figure 2.2d.
Energy levels of photoactive materials were determined using cyclic voltammetry
measurement method. Details of the measurement method is mentioned in the film
characterization section 2.3.2.5 Film Characterization. Figure 2.3b shows the cyclic
voltammogram of the active layer materials (CuPc and C60) where the difference in
oxidation and reduction waves between the two materials are evident. The inset to
Figure 2.3b shows the difficulty, or flexibility, in determining the effective band edge
of C60 which, in part, could explain the spread of values found in the literature. The
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HOMO and LUMO energy levels of CuPc were found to be at 5.2 eV and 3.5 eV
respectively. The energy levels of C60 (HOMO 6.0 eV; LUMO 4 eV) turns CuPc as
electron donor/hole acceptor layer in investigated structures.

Figure 2.3 (a) Chemical structure of organic molecules used in this study (b) Cyclic
voltammogram of sublimed films of CuPc and C60. The inset shows the structure of
the C60 LUMO edge that may lead to three different values (3.6, 3.8, 4.4 eV vs.
vacuum). (c) Energy levels of all the materials used in this work.

2.2.4 Electron transport layer (ETL)
Bathocuproine (2, 9-dimethyl-4, 7 –diphenyl- 1,10-phenanthroline) a wide-energy-gap
material (HOMO 6.5 eV; LUMO 3 eV) will be used as cathode buffer layer. The exact
role of BCP in organic solar cells, however, is still a matter of debate. There are reports
that deep lying HOMO of BCP acts as a hole blocking layer which stops holes from
migrating to the cathode contact which might be important in reducing leakage
current.[59] A more likely role of BCP in the context of solar cells as a buffer layer and

32

an exciton blocking layer where the electron extraction takes place via the gap states.
[60-62]

2.2.5 Cathode
Cathodes in solar cells are generally low work function materials. Since an internal
field (built-in potential), measured by work function difference between anode and
cathode, is necessary to drive the photogenerated carriers to their respective
contacts. In this work, aluminum (work function ~ 4.2 eV) and magnesium (work
function ~ 3.7 eV) were used as cathode contacts. In the case of magnesium, a silver
capping layer was used to protect the thin reactive magnesium underlayer.

2.3 Device Fabrication and Measurement Methods
Following section contains the details of OPD fabrication and various characterization
methods at device and thin film level.

2.3.1 Organic photodiode Fabrication
All the devices investigated in this work were fabricated in normal structure
configuration where the transparent bottom contact is ITO, and top contact (cathode)
is either aluminum or magnesium. Deposition conditions for the active materials were
determined in the following way. In the first step, which was done together with the
tooling factor calibration, the required electrical power for a target deposition rate
was determined. In a separate evaporation step, the target electrical power was
reached in two ramp steps each followed by a long soak time. For example, the stable
rate for CuPc (0.02 nm s-1 @ 14% power) was achieved by first ramping the power to
10 % (ramp time 2 minute; soak time 10 minute) before reaching the target power of
14 % (ramp time 2 minute; soak time 8 minute). It was found that the long soak time
is crucial for stable and uniform heating for the organic materials.
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Metal-Organic interfaces in organic photodiodes play an important role in determining
device performance. Bad interface between metal and organic may result in a loss in
photogeneration due to recombination losses which sometimes appears as S-shape in
the current-voltage characteristics curves. External factors such as metal impurities,
formation of thin insulating layer due to oxidation of metals, organic layer damage
due to high metal deposition rate are many a times to blame for this undesired
interfacial issues. These issue to some extent are minimized by depositing metals on
shutter (> 30 nm) before exposing it to the substrates. Thermal evaporation of the
photoactive layer, ETL, and top electrode was done without breaking the vacuum.
ITOs used for device fabrication were cleaned in the following way. ITO substrates
were cleaned in an ultrasonic bath of acetone, methanol, and 2-propanol for 20
minutes each in order to remove any contaminants. They were then dried in a flow of
nitrogen and further dried in a vacuum oven at 100 0C for 60 minutes.
CuPc, C60, and BCP were thermally evaporated in a commercial vacuum deposition
system VINCI Technologies (Figure 2.2c) at a base pressure of 4 x10-7 mbar. CuPc was
deposited at a rate of 0.02 nm s-1 and C60 was deposited at 0.01 nm s-1. Mixed layers
in the devices were grown by codeposition from two independent organic sources. In
this work, the composition of the CuPc: C60 is quoted as the percentage by volume of
CuPc and C60 in the mixture. The film thickness and deposition rates were monitored
in situ using a series of quartz-crystal microbalances (QCM) dedicated to each source.
All devices were fabricated on ITO coated glass substrate covered with a thin layer (60
nm) of PEDOT:PSS (poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid,
Clevios PVP. Al 4083). PEDOT:PSS was spin coated and then dried in ambient at 120 0C
for 10 minutes prior to transfer to nitrogen glovebox and additionally dried in a
vacuum oven at 100 0C for 60 minutes. All organic layers and electrodes were
thermally evaporated through a shadow mask giving a total active area of 18.4 mm 2.
Aluminum cathode of thickness 100 nm was deposited at a rate of 0.1 nm s -1. In the
case of magnesium, a 30 nm thick layer was deposited at a rate of 0.1 nm s-1 and was
capped with 70 nm thick silver.
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2.3.2 Measurement Methods
2.3.2.1 Current-voltage characterization
Current-voltage characteristics under dark and illuminations were measured with a
Keithley 2400 source meter. Power conversion efficiencies (PCE) were calculated
under AM1.5G solar illumination (Oriel Sol 3A Class AAA) at 100 mW cm-2 (1 sun) with
Keithley 2400 source. All J-V measurements were performed outside the glove box
with the measured samples kept under vacuum inside a holder.

2.3.2.2 Temperature dependent JV measurement
Temperature dependent dark J-V characteristics were analyzed using K-20
temperature controller (MMR Technologies) and the signal was read by Keithley 2612
source meter. All measurements were done in the cooling cycle. Sufficient time was
given between the subsequent measurements for the temperature to stabilize.

2.3.2.3 External quantum efficiency
Quantum efficiency of a photodiode determines how sensitive a device is to the
external light. The most common way to express devices' sensitivity to light is external
quantum efficiency (EQE). It is defined as
EQE=

number of photogenerated carriers in the external circuit
number of photons striking the device area

(2. 1)

In terms of efficiency the EQE can also be expressed as

EQE   Abs Diffusion Dissociation Collection
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(2. 2)

The EQE as expressed in Eq. (2. 2) shows its dependency on various processes which
leads to photogeneration. These processes include photon absorption efficiency of
the device, diffusion and dissociation efficiency of the excitons, and finally how
efficiently the dissociated charges are able to reach to the contacts. Details of each
process step is explained in the introduction section (1.3.1 Photocurrent generation in
Organic photodiodes). Spectrally resolved external quantum efficiency (EQE) was
performed in the following way. Light from a tungsten halogen lamp (Oriel, 250 W
QTH) was dispersed through a monochromator (Oriel, CS130). The light intensity was
monitored using reference silicon (up to 827 nm) and germanium (beyond 827 nm)
photodetectors. Light from the monochromator (~ 1.5 μW cm-2 at 600 nm) was
chopped at 80 Hz and the signal was first feed to a low-noise current preamplifier
(SR570). The amplified signal was then read using a lock-in amplifier (EG&G 7265).

2.3.2.4 Intensity dependent Quantum efficiency
In this experiment we measured the cell's efficiency (EQE) under white light which is
close to the real working condition of such devices. The goal from this measurement
was to determine the dependence of device's efficiency on the light intensity and cell's
bias state.
The excitation for the QE measurement was achieved using a 15 powerful white light
LED (Quad SugarCUBE LED Illuminator by Nathaniel Group) and the intensity (which
could be computer controlled) was scanned by both varying the LED current and using
neutral density (ND) filters (Newport) to broaden the intensity range over 6 orders of
magnitude. For each excitation intensity the device J-V curve was measured using
Keithley 2400 source meter. The intensity scan was done from low to high excitations
to minimize the time needed for equilibration at each point and the light intensity was
monitored using a calibrated Si photodetector. Care was taken to ensure that the light
spot falls within the pixel so as to avoid any potential edge effects. The unique QE
signature reported for each device type was characteristic of several devices (~4) of
the same kind and of course all the pixels in a given device.

36

2.3.2.5 Film Characterization
Films grown on glass substrate were characterized for their absorbance using a UVVis-NIR spectrophotometer (Cary 5000, Agilent) in air.
Atomic force microscope (AFM) images were obtained using MFP-3D Infinity AFM
operated in the tapping mode, and high resolution scanning electron microscope
(Zeiss Ultra plus HR-SEM) was used to analyze the surface of organic films.
The ellipsometry measurements of various films present in the device were conducted
by variable angle spectroscopic ellipsometry (VASE Ellipsometer J.A. Woollam Co.)
model. Films of 50nm thickness were deposited on glass substrate and were
characterized using the VASE ellipsometer at different angles (60, 65, and 70) from
300 to 1000nm. The fitting of the measured data was done by using the appropriate
oscillators (a superposition of the Gaussian and Lorentz oscillators).
XRD (Rikagu Smart Lab x-ray Diffractometer) analysis (2-theta mode) was conducted
to know more about the nature of the film as its thickness is varied. CuPc:C60(7:3
volume) film of thicknesses 50 and 140nm were grown on glass substrate and used in
XRD.
Cyclic voltammetry (CV) was carried out at Technion by Dr. Olga Solomeshch using a
potentio-galvanostat Autolab12 instrument, Eco Chemie B.V. The samples for CV
measurements were prepared as evaporated films on ITO substrates as a working
electrode. They were examined in a cell, containing 0.1 M tetrabutylammonium
hexafluorophosphate (Bu4NPF6) in the anhydrous acetonitrile (CH3CN) as a supporting
electrolyte. A platinum wire was used as the counter electrode, and Ag/AgNO 3 (0.01
M in CH3CN) as the reference one, respectively. The scan speed was equal to 0.1 V/s.
All measurements were made in Glove box in inert atmosphere of N 2. The
measurements were calibrated using ferrocene (Fc) as the standard,[63] and the levels
were determined according to the onset potentials.
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2.4 Optimization of CuPc:C60 based OPD stack

Figure 2.4 OPD fabricated in different structures as (a) Bi-layer (b) Planar BHJ
(CuPc:C60 (70:30)) (c) Same as device b but with an additional BCP layer (d) External
quantum efficiency of the same devices (e) Dark J-V characteristics of all devices (f)
Response of the devices under one sun light intensity.

Efficient organic solar cells utilize both donor and acceptor materials in the
photoactive stack inside the device. As explained in the introduction section, donoracceptor interface is necessary to create an energy offset which drives exciton
dissociation in organic solar cells. Based on this we fabricated small molecule, copper
phthalocyanine (donor) and fullerene (acceptor) based solar cells in various
architectures and investigated them. Figure 2.4(a-c) shows the stacks of the
investigated devices. Figure 2.4a shows the schematic structure of a bi-layer also
known as planar heterojunction device in a stack ITO (230 nm)/PEDOT (60 nm)/CuPc
(50 nm)/C60 (50 nm)/Al (100 nm). Devices shown in Figure 2.4(b-c) are based on the
codeposition technique where the codeposited photoactive layers (CuPc:C60) are
sandwiched between thin layers of pure donor and acceptor materials. The motivation
to adopt such structure was to avoid any direct contact between the donor to cathode
38

and between the acceptor and anode to minimize leakage current by avoiding any
possible charge injection in the reverse bias due to reduced energy barrier. For
example, in the absence of CuPc, ITO has an electron energy barrier (ITOWF – ELUMO) of
~ 1 eV with C60 whereas in the presence of CuPc it increases to ~ 1.5 eV. In other
words, CuPc is playing the role of electron blocking layer. Similarly, aluminum has a ~
0.9 eV hole energy barrier (AlWF – EHOMO) with CuPc whereas in the presence of C60 it
increases to ~ 1.9 eV. The complete device structure shown in Figure 2.4b is ITO (230
nm)/PEDOT (60 nm)/CuPc (12 nm)/CuPC:C60 (70:30 60 nm)/C60 (12 nm)/Al (100 nm)
and of Figure 2.4c is ITO (230 nm)/PEDOT (60 nm)/CuPc (12 nm)/CuPC:C60 (70:30 60
nm)/C60 (12 nm)/BCP (12 nm)/Al (100 nm).

Figure 2.4d shows the measured EQE at zero bias of the bi-layer and mixed active layer
devices. It shows that the mixed active layer device (both with and without BCP) have
much higher EQE than that of bi-layer one. The high quantum efficiency in mixed
active layers are generally attributed to the much changed active layer morphology
which now has multiple donor-acceptor interfaces. A large number of donor-acceptor
interface will enhance the chance of generated exciton to diffuse to a neighboring
interface and dissociate into free charges. The resultant EQE will change due to
improved values of the 2nd and 3rd term on the right side of Eq. (2. 2). Of the three
devices shown in Figure 2.4(a-c), device with BCP has the highest quantum efficiency.
This is attributed to the exciton blocking role of the BCP layer.[46] In the device without
BCP layer, excitons may diffuse to the cathode area and transfer its energy to the
metal layer. This phenomena also known as exciton quenching is a loss factor in OPDs.
In these devices it appears that BCP's main role is as exciton blocking layer or cathode
buffer layer.

With the change in the active layer structure, the charge transport within the device
is most likely to be affected too which will influence the charge collection efficiency
term in Eq. (2. 2). Of the several compositions tried for a 60 nm thick active layer, we
found 70:30 volume ratio (CuPc:C60) as the optimal value in the codeposited film. The
above mentioned ratio resulted in highest EQE and other solar cell characteristic
parameters such as short-circuit current, fill factor etc. However, film composition,
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going from bi-layer to mixed photoactive layer, had almost negligible effect on the
leakage current of the diode. Dark J-V characteristics of bi-layer and mixed layer
devices are shown in Figure 2.4e. The lowest leakage current at -1 V was ~ 5 x 10-7
Acm-2 without any specific trend between the device structure and leakage current.
Current-voltage characteristics of the devices under 1 sun intensity are shown in
Figure 2.4f. Large photocurrents at negative voltages show that by applying a reverse
bias the photodiode response can be enhanced. The s-shape in case of bi-layer device
is most likely due to result of a bad interface between aluminum contact and C60
organic layer. The solar cell characteristic parameters of devices are summarized in
Table 2.1 which is higher than the reported devices based on similar material system
and architecture.[51] As the bulk-heterojunction device with BCP showed best
performance we attempted to optimize it further.

Table 2.1 Solar cell characteristic parameters for different device structures as shown
in Figure 2.4 (a-c). JSC is the short-circuit current, VOC is open-circuit voltage, FF is fill
factor, PCE is power conversion efficiency, EQE is external quantum efficiency.
Device

JSC(mAcm-2)

VOC (V)

PCE (%)

FF

EQE (%)

Bi-layer

2.35

0.42

0.31

33

18

Planar BHJ

3.15

0.48

0.40

26

26

Planar

4.12

0.51

0.52

26

45

BHJ+BCP

To that side the top aluminum cathode was replaced by magnesium a lower work
function metal than aluminum. Figure 2.5 shows light and dark J-V characteristic curve
of a device similar as shown in Figure 2.4c but with a different cathode. It shows that
the device with magnesium as cathode has better photo response than that of
aluminum. The short circuit current in case of magnesium device is 6.5 mAcm-2
whereas aluminum device has only 4.0 mAcm-2. The fill factor also improved to 38%
compared to the aluminum device. This means that the device can operate at lower
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reverse voltage and still has good photo response. The optimum device structure with
magnesium contact is ITO (230 nm)/PEDOT (60 nm)/CuPc (12 nm)/CuPC:C60 (70:30
60 nm)/C60 (12 nm)/BCP (2 nm)/Mg (30 nm)/Ag (70 nm).

Figure 2.5 (a) Current-voltage characteristics of the device as shown in Figure 2.2 (c)
but with cathodes magnesium and aluminum. (b) Dark current-voltage characteristic
of the same devices.

Summary
In this chapter we examined and compared modifications of device structure by
changing photoactive layer structure, trying different metal cathodes, and introducing
cathode buffer layer and studied their effect on the device performance. As a baseline
to this study, we have shown that the performance of small molecule organic solar
cell based on codeposited CuPc and C60 active layer is improved by optimizing donoracceptor composition in the mixed device, padding with thin CuPc and C60 layers, on
both sides, as well as by incorporating an ultrathin layer of BCP[64] in conjugation with
magnesium as cathode.
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Chapter 3 : Thickness of CuPc:C60 mixed photoactive
layer and related Device physics

After optimizing the solar cell structure for the CuPc:C60 material system, we studied
the influence of the photoactive layer thickness on the solar cell characteristic
parameters. The fact that at thicker films the device performance degrades is known.
However, a detailed study of the mechanisms that affect the reduction in device
performance is rare. Relevant information can be found in papers on ZnPc:C60
reporting on the mixed layer morphology affecting the cells’ efficiency.[65-68] While the
effect of the substrate temperature and film thickness on the polycrystallinity of the
phthalocyanine can explain the increase in efficiency up to about 50 nm mixed layer
thickness, it is not obvious why the efficiency drops for thicker films.

Here we investigate the role of the mixed CuPc:C60 active layer’s thickness on the
short circuit current and power conversion efficiency of CuPc:C60 based bulk
heterojunction device using various experimental techniques supported by optical
and electrical models. Using different film characterization techniques, the
morphology of the photoactive film as a function of growth was revealed and
correlated with the performance of the device. Finally, switching the direction of the
study towards the main goal, we used this optimized device and studied the role of
photoactive layer thickness and hole transport layers on the leakage current.
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3.1 Different active layer thick OPD

Figure 3.1 (a) Optimized device structure ITO (230 nm)/PEDOT (55 nm)/CuPc (12
nm)/CuPC:C60 (70:30 X nm)/C60 (12 nm)/BCP (2 nm)/Mg (30 nm)/Ag (70 nm) where
the thickness of the photoactive layer was varied from X = 40 nm to 120 nm (b) Dark
J-V characteristics of 40 nm, 60 nm, 90 nm, 120 nm thick active layer devices (c) J-V
characteristics under one sun intensity and (d) Their external quantum efficiency
measured at zero bias.

43

Figure 3.1a shows the investigated device structure. Different set of devices prepared
in this work differ only in the thickness of the photoactive layer of 40 nm, 60 nm, 90
nm, and 120 nm. Figure 3.1c shows J-V curves of device for various photoactive layer
thicknesses measured under one sun illumination. We see that short-circuit current
density (Jsc) decreases as we increase the thickness of the mix layer in the device. The
open circuit voltage (Voc) remains almost constant with little drop in thicker devices.
The fill factor (FF) decreases as a function of active layer thickness. The above lead to
the power conversion efficiency (PCE)

PCE 

J SC .VOC .FF
PIN

(3. 1)

decrease in thicker devices where PIN is the incident solar light intensity. Results from
all the devices characterized as solar cell under AM1.5 solar illumination (100
mW/cm2) are summarized in Table 3.1. Of all the thicknesses, we found that the device
with 40 nm thick active layer has the best solar cell characteristic values. One may
infer the relative quality directly from the short circuit current however, from the
device physics point of view, the use of V=0 to extract reference current is arbitrary
and indeed the J-V curves cross each other indicating a complex interplay of internal
parameters. EQE of devices measured at short circuit (zero applied bias) are shown in
Figure 3.1d. Like short circuit current, thinner devices show higher EQE than thicker
devices. One may think that a thick active layer would absorb more light and because
the active layer composition is same in all devices, thicker devices should show higher
efficiency. To understand this discrepancy we performed optical modeling of the
entire device as well as additional experiments.
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Table 3.1 Solar cell characteristic parameters of device Figure 3.1a for various
photoactive layer thickness.
VOC (V)

PCE (%)

FF

RS (Ωcm2)

7.74

0.52

1.80

45

17.1

60 nm

6.53

0.52

1.28

38

26.1

90 nm

4.72

0.50

0.80

34

40.3

120 nm

4.94

0.49

0.63

26

48.2

BHJ layer
Thickness
40 nm

JSC(mAcm-2)

3.2 Optical Modeling of the OPD stack
This section starts with a brief introduction of the optical model we used to calculate
light absorption in the device, followed by a comparison between the calculated
model’s result and the experimental one.
In a photocell only the light absorbed in the photoactive part can contribute to the
photocurrent. In thin film devices, such as organic photodiodes or solar cells, where
the thickness of each layer is in the same range to the incident wavelength of light,
optical interference effects arise due to multiple reflections between the various
layers. This interference pattern becomes important especially when the layered
structure has highly reflective interface, for example, in the case of metal electrodes.
This phenomena in a form of cartoon is shown in Figure 3.4. One consequence of this
effect is the change in optical electric field intensity profile due to the superposition
of incoming and reflected waves inside the device.[46, 69-71] To be able to model the
electric field distribution and consequentially the light absorption, we used
ellipsometry to extract the complex refractive index parameters of the materials used
which are shown in the Figure 3.2.
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Figure 3.2 Complex refractive index of materials used in the optical modeling of the
device (a) refractive index spectrum (n) (b) extinction coefficient spectrum (k).

In the optical modeling we used CuPc:C60 films of 50 nm thickness for extracting n
and k values. Normally thin films of any material show thicknesses dependent n and k
values. However, the thickness difference needs to be relatively large to see any
effect. Figure 3.3 shows the results derived from 50 and 140 nm thick films (CuPc:C60
(7:3)) and besides the slight difference in relative peaks heights (k @ ~600nm and
700nm) the differences are minor.
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Figure 3.3 Complex refractive index of 50 nm and 140 nm CuPc:C60 (volume ratio
7:3) used in the optical modeling of the device (a) refractive index spectrum (n) (b)
extinction coefficient spectrum (k).

The model is based on transfer matrix formalism which takes into account the
interference effects in the calculation. This model was originally developed by Epstein
et al. [72]in the context of OLEDs which was modified further and used in this work.
Transfer matrix based optical model has extensively been used in the optimization of
solar cells.[73-76] Some of the assumptions taken in this model are (1) The light incident
on the device can be described by plane wave. (2) Layers in the device are
homogeneous and isotropic. (3) Interfaces are parallel and optically flat. The model
calculates optical electric field inside the device once the input parameters, complex
refractive index and thicknesses of all layers are given.
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Figure 3.4 Picture depicting the propagation of an electromagnetic wave from ambient
to a multilayer structure. The incoming (E+) and reflected (E-) electric field inside a
multilayer structure. It shows the behavior of light when moving between media of
different refractive indices. The net field will be the superposition of all the fields inside
the device.

Figure 3.5a shows the simulated net square of electric field intensity distribution
inside the device for light of wavelength 530-800 nm. One may correlate the different
peak amplitudes in the electric field intensity profile as a result of interference within
the device. A large electric field means the wave has higher energy density which
means more number of photons are at disposal which is needed in devices like OPDs.
Once optical electric field distribution is known the power dissipated as a function of
depth is calculated using the Poynting formula:

Q j ( x)  1 c 0 j n j | E j ( x) |2
2

(3. 2)

Where Q j ( x) is the energy dissipated per second in layer j at distance 𝑥 from the
front surface; 𝑐, speed of light;  0 , permittivity of free space;  j , the absorption
coefficient of layer j ; n j , refractive index of layer j and E j ( x) , the resultant optical
electric field in layer j at position 𝑥. The energy dissipation profile of the incoming
light as shown in Eq. (3. 2) is a direct function of the wavelength of light that is hidden
in the absorption coefficient of given layer according to following formula
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j 

4 k j

(3. 3)



Where k j is the extinction coefficient of the layer and  is the wavelength of the
light. Power dissipated per unit length due to polychromatic light, for example light of
wavelength 1 to 2 can be expressed as
2
Q j (x)   1 c 0 j n j | E j (x) |2
1 2

(3. 4)

And total power absorbed for the same polychromatic light in d nm thick layer can be
expressed as
xd

Qj  
x

2

1
2
 2 c 0 j n j | E j (x) |

(3. 5)

1

The distribution of the absorbed power in the mixed layer calculated using Eq. (3. 4) is
shown in Figure 3.5b.
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Figure 3.5 (a) Integrated Electrical field intensity profile within the device of different
active layer thicknesses. Device structure is shown in Figure 2.6a. (b) Calculated
integrated optical power absorbed within the device. Light of wavelength 530–800 nm
were used in the above calculations.

With the aid of calculations such as shown in Figure 3.5, we calculated the spectral
dependence of the absorbed power in the mix layer. In Figure 3.6 we compare the
measured EQE response of the different active layer thickness devices to the
calculated spectrally-resolved absorption power. For the optical model, alone, to
reproduce the measured EQE response the generation-recombination and transport
have to be ideal. In other words, the conversion from exciton to free charges (charge
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generation) and the subsequent charge extraction should be ideal and independent
of the position within the layer. Comparing the optical model and the measured EQE
for the 40 nm thick active layer we find reasonable agreement in the absolute
maximum values (~40%). However, as the BHJ layer thickness increases there is an
opposite trend between the simulations and the measured EQE. Also, the simulated
spectral shapes are not so similar to the measured ones. This discrepancy suggests
that the processes not present in the optical model (generation, recombination,
charge extraction) are playing an important role. The differing spectral shapes further
suggests that the charge generation efficiency and/or the charge recombination are
dependent on the position within the layer.

Figure 3.6 (a) EQE spectra for device structure of Figure 2.6a for various mix layer
thicknesses measured at zero bias (b) Calculated total incident optical power absorbed
in the mix layer in the device.

To understand why this, at least in part, could explain the differences in spectral
shapes we replot in Figure 3.7 the calculated total power absorbed (right y axis) in the
120 nm mix layer device along with the power absorbed along the layer in 15 nm thick
fractions of it (there are 8 such fractions:1-15 nm, 16-30 nm,...,106-120 nm measured
from the CuPc/CuPc:C60 interface). For simplicity, only 4 such fractions have been
shown in Figure 3.7. The replotted total spectral response was calculated assuming it
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is a sum of power absorbed in each fraction giving each an equal weight. However, if
transport and recombination are playing a role then the weight of each section may
not be equal thus affecting the resulting spectral shape of the device response. [77-78]

Figure 3.7 The full device (right axis) and a 15nm piecewise spectral response of 120
nm device (shown are the 1st, 3rd, 5th, and 7th sections) (left axis) for light of wavelength
530-800 nm.

In summary, from the optical model analysis on our device, we found that the optical
modeling alone is insufficient to explain the device performance as a function of active
layer thickness. The difference in the simulated optical power absorbed in the
photoactive layer compared to the measured EQE indicate that other processes such
as generation, recombination, and charge extraction must be looked at in order to
answer this question. To understand that, we conducted bias and light intensity
dependent measurements and used them in an electronic model in the context of
solar cell that was developed by Tzabari et al.[79-81]
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3.3 Electronic Model and the Physical Framework

Figure 3.8 Schematic illustration of the probable physical processes in a heterojunction
solar cell. See text below for the complete description of each processes.

To interpret experimental results obtained for different photoactive layer thick
devices, one needs to define the physical framework to be used. In the context of solar
cell, this is defined through a diagram describing the processes to be considered, see
Figure 3.8. The diagram contains process steps that are responsible for
photogeneration current while accounting for losses (to the ground state) via different
loss mechanisms.
The above diagram (Figure 3.8) describes the physical processes being considered
here and their mutual interactions as a flow-diagram. Following their numbering the
main generation processes steps are: (1) Formation of exciton (a bound electron-hole
pair) through photon absorption. (2) Exciton evolution into an extended Charge
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transfer (CT) exciton at the interface between the different phases. (3) CT-exciton
dissociation into free charge carriers. (4) Transport of the free carriers to the
respective electrode and their collection. While the major loss mechanism are (5)
Exciton decay to the ground state in the bulk (was not able to convert into CT during
its lifetime) i.e. excitons which didn't reach to an interface during its lifetime. (6)
Exciton-Polaron annihilation.[81-82] (7) CT-exciton decay into the ground state. (8) CT
exciton -polaron annihilation. (9) The free electrons and holes, residing on their
respective sides of the junction, may recombine back into CTs ( L Langevin) or
recombine through deeper lying states (SRH). (10) Unintentional charge injection
through the contacts.[83-84]

Of the above, a few require some discussion. The exciton-polaron (or CT-exciton
polaron) annihilation occurs if a free charge carrier collides with an exciton and Auger
like process takes place. In this Auger like process, the exciton decays to its ground
state transferring all its excess energy to the free carrier.[9] The SRH recombination, in
the context of blends follows the notion that in a BHJ structure an electron-hole
recombination can take place only at specific spatial locations (the interface between
the two phases) and through certain energy levels (the CT states) by a two-step
process.[80] First an electron (hole) is captured at the interface, then if a countercharge,
on the other phase, reaches it before the electron (hole) is re-emitted they will form
a CT-exciton. In the following, these CT sites will be treated as the SRH recombination
centers (the "traps"). Their density will reflect the interface density, and their depth
will follow the system’s energetics. This view of the process is also supported by
Ferguson et al.[82], which concluded that in polymer:fullerene devices the free carrier
recombination is activation controlled and proceeds through an intermediate complex
at the donor-acceptor interface, by Veldman et al.[83] that revealed that excited CT
states can also be formed by recombination of injected carriers, and by Tress et al.[85]
and Vandewal et al.[86] that presented an optional recombination process which
happens through the CT states. Furthermore, as was shown by Tzabari et al.[80] and Xu
et al.[87] correlate the nongeminate recombination strength in BHJ OPV's to the CT
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state concentrations and point the CT states as the major channel for nongeminate
recombination loss.
We also note that from all the physical processes we described above there are only
two processes that are, without any doubt, electric field dependent. These are the
drift of the free carriers to the electrodes and the contact injection. However, this
dependence reflects the polaron density in the cell, and by that on the overall
equilibrium between the different species and processes.

3.3.1 Rate Equations and Fitting Procedure
Transforming the above physical picture results into three rate equations, one for each
of the following species: excitons, charge transfer excitons (CT-excitons), and free
polarons. These rate equations describing different physical processes in the mixed
photoactive layer can be expressed for excitons as:

dnex
1
 G  nex  Kep pnex  KCT nex  0
dt
 ex
Where G is the exciton generation rate through light absorption, nex is the exciton
density in the mixed layer,  ex is the exciton lifetime, p is the free polaron density, Kep
is the polaron-exciton annihilation rate, and KCT is the rate of exciton transfer into CT
excitons.
The equation describing the evolution of CT excitons is:
Cn  nct  nct ex   p 2  ni2  1
dnCT
 KCT nex 

nCT  KCTp nCT p  K cd nCT  0
dt
2 p  2ni cosh  Et KT   CT



Here nCT is the charge transfer exciton density, Cn is the charge capture coefficient,
E
ni is the intrinsic charge carrier density, 2ni cosh  t KT  is the density of free



charges for which the Fermi level coincides with the trap level,  CT is the CT exciton
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lifetime, KCTp is the polaron-CT annihilation rate, and Kcd is the CT-exciton dissociation
rate into free polarons.
Finally the equation for the hole polaron can be expressed as:
2
2
dp
Vp Cn (n ct  nct ex )  p  ni 
 Kcd nCT  Kinj  2 
0

E
dt
d


t
2 p  2ni cosh 
KT 


Here Kinj is contact injection rate, μ is the mobility, V is the internal cell voltage (Voc –
Vapp).
Described in detail[80, 88], the experimental data, in relation to the model, allows us to
independently fit 4 parameters that have the highest impact on the curves and that it
would be reasonable to expect them to change between the samples studied here.
The first parameter to be fitted derives from the rate constants for Exciton evolution
into CT-exciton, CT-exciton dissociation into free carriers and CT-exciton polaron
annihilation. These three effectively determine the efficiency of converting excitons
into free charge carriers and hence cannot be effectively separated using our data. To
overcome this we fix the values for the dissociation rate of CT-excitons into free
carriers.[21] The next parameter we fit is the CT state density (nct) which represents the
average density of sites at which excitons can dissociate and charges can recombine.
In other words, it is proportional to the interface area[89] or to be more exact to the
electronically active part of it. The third parameter is the trap depth or the energy
required to dissociate a CT-exciton into free carriers, i.e. the CT-exciton formation
energy (binding energy). The fourth parameter is the density of dark charge carriers in
the device. These charges would facilitate conductivity as well as recombination even
at very low light intensity and thus affect the cell’s performance. Using the drift
diffusion model described in ref [80] [80]we simulated the devices in a range of applied
biases and the result is shown in Figure 3.10.
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3.3.2 Intensity dependent QE measurement
In section (3.1 Different active layer thick OPD) we discussed external quantum
efficiency of the devices and showed how its value is changing when the thickness of
the active layer is varied. As noted, these could be due to charge generation and/or
recombination that change with the device’s thickness. To characterize these
potential trends we used the method recently developed by Tzabari et. al.[79-81] In this
measurement, the device’s quantum efficiency is measured over a wide light intensity
range, varying from 10-2 to 103 mWcm-2, under short-circuit as well as under different
bias conditions. This unique measurement technique allows to separate different loss
mechanisms and thus produces a physical picture of the trends in the loss mechanisms
as the light intensity is tuned from ultralow to high intensity. To help ensure that the
data is not affected by extrinsic factors, such as heating, we performed sweeps from
low to high and back and found no meaningful hysteresis effects.

Figure 3.9 Measured quantum efficiency at short circuit (zero bias) as a function of
light intensity for devices of different active layer thickness. 40nm (circles), 60nm
(squares), 120nm (dimonds).
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Figure 3.9 shows the quantum efficiency (electron out / photon in) of cells of various
thicknesses measured under wide range of light intensity at zero bias using a white
light LED source. The difference in shape and absolute values is a first indication of the
internal mechanisms having different weight between the devices.[80, 88] Figure 3.10
shows the bias dependent quantum efficiency of the 40nm, 60nm, and 120nm thick
BHJ layer devices (for each device the QE is normalized to the low intensity value of
its zero bias response) where the symbols are the measured data points and the lines
are best fits to the model as described in section 3.3.1 Rate Equations and Fitting
Procedure. Examining the experimental data we observe that for light intensity below
1mWcm-2 all the cells have their quantum efficiency constant, plateau region on the
quantum efficiency curve of Figure 3.9 or Figure 3.10. At this low light intensity regime,
all the loss mechanisms that involve interaction between the excited species are
inactive due to the low population density. This efficiency, at ultralow light intensity,
is the cell's free-charge generation efficiency accounting for charge carriers that
escaped geminate recombination as well as other excitation-power independent
losses. Such power-independent losses could be the recombination involving the
intensity-independent dark-carriers. These dark-carriers are either injected via
diffusion from the contacts or are due to thermally excited carriers.
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Figure 3.10 Power dependent quantum efficiency measured with white light LED of
the device structure of figure 2(d) where the active layer thickness is varied between 40
(a), 60 (b), and 120nm (c). Each curve was measured for a range of bias voltages (0.2,
0, -0.2, -0.4V) Curves are normalized to the zero bias low power value. Solid lines are
best fit by our model.

Moving to higher light intensity range (> 1mWcm-2), losses start to kick in due to
increased free and interface trapped charge density. This is seen as a drop in quantum
efficiency as one moves towards the high light intensity regime. We note that this drop
is relatively small for the 40 nm device and is more pronounced for the 60 and 120 nm
devices. The measured drop in quantum efficiency at 1 sun intensity (100 mWcm-2) in
40 nm device is found to be 10% of the free charge generation efficiency compared to
34% drop in the 120 nm device (see Figure 3.9 or Figure 3.10). Considering the bias
dependence shown in Figure 3.10 (a-c) we note that although the response at zero
bias is lower for 120 nm device, it is more sensitive to bias. Shown in Figure 3.11, at 0.4V the non-normalized low power efficiency of the 120nm device is 44% which is
almost at the same level as that of the 40 nm device (49%), at the same bias. It shows
the evolution of the quantum efficiency for the entire range of light intensity
measured at 0.2 V, 0 V, and -0.4 V external bias. It should be noted that the
photocurrent is cleaned off the dark current which is the reason for low intensity
omitted data in case of positive bias cases.
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Figure 3.11 Measured absolute quantum efficiency at various biases 0.2 V, 0 V, and 0.4 V as a function of light intensity for devices of 40 nm and 120 nm thick active layer.
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3.3.3 CT-state absorption

Figure 3.12 External quantum efficiency (EQE), extending to the sub gap range, for
devices of different active layer thickness. The inset shows semi-log scale to highlight
sub-gap EQE response for different active layer thickness devices.

The broad and detailed data showed in section (3.3.2 Intensity dependent QE
measurement) enabled us to fit the model to the measurement in a step by step
manner thus addressing each physical process individually. The parameter extraction
requires not only the normalized QE data shown in Figure 3.10 but also the data shown
in Figure 3.9 and in Figure 3.12. Specifically, Figure 3.10 shows the absolute QE curves
at short circuit conditions. The low intensity limit allows us to deduce the absolute
generation efficiency and the relative change of it between the devices. Figure 3.12
shows an extended view of the wavelength dependent EQE of the various devices
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normalized for the intensity at the visible part of the spectrum. The extended range
to the NIR allows us to quantify the relative strength (or density) of the CT states which
have absorption around 1000nm.[90-91] The inset to Figure 3.12 shows the EQE data
plotted on log scale. It shows that CT state assisted absorption increased in thicker
photoactive layer.
Shown in Figure 3.10 are the model fits (solid lines) to the experimental data
(symbols). The good fit of the model to the experimental data allows for the model
results to be used to explain the power dependent quantum efficiency curves of
various active layer thicknesses. The parameters extracted are collected in Table 3.2
and the following conclusions can be made: 1) the transfer rate from exciton to CTexciton is not limiting the cells’ performance and is much faster than the radiative rate.
2) The CT-exciton binding energy reduces as the film is made thicker. 3) The density of
CT states increases with thickness. 4) The density of (dark) free charge carriers
increases with the film thickness. The presence of these carriers implies that there
must also be charges within the CT trap states that contribute to a background, lightintensity independent, recombination loss that reduces the extracted charge
efficiency. We return to these extracted parameters in the discussion section.

Table 3.2 Parameters extracted by fitting the model to Figure 3.10. * The relative
density was confirmed using Figure 3.12.
Device

NCT[cm-3]*

EB[eV]

KCT-p [s-1]

Pdark,SC [cm-3]

40nm

0.4 1018

0.30

5 109

15 1014

60nm

1.2 1018

0.26

5 109

19 1014

120nm

131018

0.20

5 109

60 1014
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3.3.4 Inspection of the morphology of the photoactive layer
In organic solar cells, the surface morphology of the active layer may reveal some
information regarding the performance of the devices.[65, 92-95] The morphological or
compositional persistence may be of order 10 or few 10s of nm and hence the AFM
images are indicative of the top part of the layer only. However, comparing top surface
of films grown to different thicknesses may reveal structural evolution. To ensure
morphological compatibility with the devices, films were grown on top of
ITO:PEDOT:CuPc. We used tapping mode AFM for the analysis of the surface
morphology of the active layers. Figure 3.13 shows the AFM scans of 120 nm (a-b) and
40 nm (c-d) thick films. Figure 3.13a and Figure 3.13c are height images and
Figure 3.13b and Figure 3.13d are phase images. To ensure that the data is
representative of the films growth and structure we characterized samples from
different batches and all showed similar morphological trends as a function of film
thickness. AFM height and phase images reveal that the 40nm thick film is more
intermixed while the 120nm thick one shows larger grain formation, potentially
indicating larger phase separation between CuPc and C60. Somewhat similar trend
was reported for films thinner than 50nm.
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Figure 3.13 AFM surface morphology scan of the CuPc:C60 (70:30) mixed films. (a) &
(c) AFM height images of the 120 and 40nm thin mixed active layer film; (b) & (d) Phase
images of the 120nm and 40nm thick mixed active layer. To ensure morphological
compatibility with the devices, films were grown on top of ITO:PEDOT:CuPc.

To add to the morphological study we present in Figure 3.14a the absorbance
spectrum of the two films also used for AFM study (Figure 3.13). For reference, we
plot in Figure 3.14b the absorbance of the CuPc and CuPc:C60 films used to extract
the refractive indices presented in Figure 3.2. The change in the relative peaks heights
(at ~620nm and 700nm) in both subfigures (Figure 3.14) supports the notion that in
the 120nm film the CuPc forms larger domains, relative to the 40nm one, and probably
there is also a slight change in the crystalline phase. [66, 96-97] High resolution scanning
electron microscope (HRSEM) used for the morphological study of mixed photoactive
films also revealed the same trend. Figure 3.15 shows top surface HRSEM scan of 40
and 120nm thick CuPc:C60 films grown on ITO:PEDOT:CuPc. 120 nm thick film
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(Figure 3.15b) clearly appears grainier than the 40nm film (Figure 3.15a). HRSEM
results matches to the AFM scans and supports the finding that thicker the film higher
the aggregation.
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Figure 3.14 (a) Normalized absorbance of 40nm and 120nm CucPc:C60 mixed layers.
To ensure morphological compatibility with the devices, films were grown on top of
ITO:PEDOT:CuPc. (b) Absorbance of the films grown on glass substrate were used to
extract the refractive indices in Figure 3.2.

65

Figure 3.15 HRSEM image of CuPc:C60 (70:30) mixed layers of (a) 40nm and (b)
120nm thick layers. Films were grown on top of ITO:PEDOT:CuPc.

Figure 3.16 XRD scan (2θ mode) of a 50 and 140nm thick CuPc:C60 (70:30) on glass.

XRD (Rikagu Smart Lab x-ray Diffractometer) analysis was conducted to know more
about the nature of the film as its thickness is varied. CuPc:C60(7:3) film of thicknesses
50 and 140nm were grown on glass substrate and used in XRD (see Figure 3.16). The
XRD pattern reveals peaks at 2θ = 7o which originates from CuPc as reported in
literature. The full width at half maximum (FWHM) of the Bragg reflections reveals
information about the crystallite size (ref. 17)[68]. The FWHM is obtained by fitting the
XRD spectrum which showed a value of 1.80 for 50nm thick film whereas it was only
1.40 in the case of 120nm film. The FWHM for thicker film reduces which is a sign that
crystallite sizes are increasing with thickness. This result is in line with the AFM and
HRSEM analysis.
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3.4 Leakage current in CuPc:C60 Devices

Figure 3.17 Different OPD architecture adopted to control reverse bias leakage current
where (a) Thickness of active layer was varied (b) HTL materials in different stacks
(single layer & multilayer) tried (c) CuPc and C60 capping layer thicknesses were
changed (d) Energetics of different layers and interfaces present within the device.
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Figure 3.18 The complete list of materials used in the study of leakage current in
CuPc:C60 device. HTLs were chosen such that on one hand they form large electron
injection barrier to minimize injection through the contacts in the reverse bias while
their HOMO is still favorable for charge extraction from the active layers.

As explained in section (3.1 Different active layer thick OPD) we note that the
optimized device shown in Figure 3.1a has best photoresponse among all the device
structures, bi-layer, mix layer, and mix layer with BCP (Figure 2.4(a-c)). Although the
reverse bias dark current in those devices were at similar level. For these reasons, we
used the device structure shown in Figure 3.1a as base device for the leakage current
study. Reverse bias dark current analysis in CuPc:C60 bulk device was studied by
fabricating different device structures where active layer thickness and hole transport
layer was changed. These device structures are shown in Figure 3.17(a-c). Energetics
of different layers within the device is shown in Figure 3.17d and all materials used in
this study are listed as shown in Figure 3.18.

3.4.1 Substrate roughness and Leakage current
Several reports in literature mention external factors such as shunts and pin holes (in
films) for variable and large leakage currents in OPDs.[33, 98] In OPDs, shunts or highly
conductive paths are generally attributed to substrate topological defects, external
particles etc. As ITO is the bottom electrode in these OPDs, they were scanned for
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their surface roughness to determine the optimum HTL thickness. From several area
roughness scans the maximum peak height was considered to find a minimum HTL
thickness. It was found that a 60 nm thick HTL was sufficient to result in a smooth and
uniform surface. Figure 3.19a shows an ITO surface covered with a 60 nm thick
PEDOT:PSS. Figure 3.19b shows the dark JV characteristics of device of structure
ITO/with and without HTL/CuPc (12 nm)/CuPc:C60 (70:30 60 nm)/C60 (12 nm)/BCP (2
nm)/Mg (30 nm)/Ag (70 nm). Fabricated in the same batch device without any HTL has
a higher reverse bias leakage current compared to device with a 60 nm thick
PEDOT:PSS. It is worth mentioning that devices without HTL showed large variation in
the leakage current and also their JV response (in reverse bias) had several random
jumps. This behavior is most likely due to unexpected charge injection from the ITO
spikes (Figure 2.1a) under high electric field.

Figure 3.19 Top surface AFM scan of (a) 60nm PEDOT:PSS coated ITO. Surface
shows a relatively smooth surface with rms roughness of ~2.5nm. ITO on the other
hand showed rough texture and spikes of several 10s nm high (Figure 2.1a). (b) Dark
JV characteristics of a BHJ device ITO/with & without HTL/CuPc (12 nm)/CuPc:C60
(70:30 60 nm)/C60 (12 nm)/BCP (2 nm)/Mg (30 nm)/Ag (70 nm). Device with HTL
shows lower leakage current than the device without HTL.
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3.4.2 Active layer thickness and Leakage current
One of the most debated reasons and very often blamed for the large leakage current
in OPDs are presence of pin holes in films.[33, 99-100] Pin holes could be compared with
non-uniformity in the organic layer which depends on various parameters such as
deposition method, substrate and material interaction, substrate temperature etc. Pin
holes or voids in films are basically low resistive channels which could potentially
result in a large leakage current. Because of their low resistivity they are also called as
one of the main sources of shunt leakage phenomena. Characterization of pin holes is
not easy. Surface scan techniques such as AFM which basically gives surface roughness
is not the best way to investigate pin holes in films. Techniques such as thermography
are more suitable for finding shunt pathways in such OPDs.[98, 101-102]
During the thermal deposition process small molecules can potentially diffuse in the
film due to the system thermodynamics. Due to its spherical shape and small size,
Fullerenes such as C60 are more susceptible to such processes.[103] As shown in
Figure 3.21, sputtering assisted XPS study on CuPc/C60 multilayer stack does not show
any significant mixing. It is true that getting a perfect donor-acceptor interface in such
thermally deposited systems is very difficult. In reality there will always be some level
of intermixing at the interface. To verify that such phenomena is not occurring in
planar-BHJ devices, we increased the thickness of capping layers on the both sides of
the mixed layer (see Figure 3.17c) and characterized for its dark leakage current. The
main idea behind this approach was to keep the codeposited layer further away from
the electrodes to avoid any diffusion of C60 to the anode side.
AFM scan of independent and mixed layer films (Figure 3.20) appear smooth.
Although it is difficult to predict influence of such roughness on the device
performance. The dark JV characteristics of devices where active layer thickness was
increased from 40 nm to 120 nm is shown in Figure 3.1b. We note that there is hardly
any change in the leakage current. In other words, leakage current seems to be
independent of the mixed active layer thickness.
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Figure 3.20 AFM scan of (a) 50nm CuPc (b) 50nm C60, and (c) 50nm CuPc:C60
(volume 1:1). All films were deposited on ITO/PEDOT:PSS.

Figure 3.21 XPS profile of C60/CuPc multilayer stack (inset). Spectra shows spatially
separated CuPc and C60 layers.

71

3.4.3 HTLs and Leakage Current
Another possible source of leakage current in case of OPDs is reverse charge injection,
i.e. injection of electrons (holes) from the anode (cathode) in the reverse bias
condition. [104-105] Due to their finite thermal energy charges can overcome the contact
barrier and once they are on semiconductor side they can flow to the opposite
electrode thus contribute to the leakage current. A large barrier for electrons should
reduce thermionic emission current which depends on the barrier height[38]
 qB 

 KT 

Jth  AT 2 exp 

( 3. 6)

2
 2
K is the Richardson constant, q is the electronic charge, m is the
where A = 4 qm
3

h

effective mass of the injected electron, K is the Boltzmann constant, h is the Planck
constant, B is the electron injection barrier, and T is the temperature.
To understand and minimize the leakage current we focused on enlarging the electron
injection barrier on the anode side. For that we used a series of polymeric hole
transport layers as shown in Figure 3.18. As the active layers are thermally deposited
on top of spin coated HTLs they are expected to have no effect of the harsh solution
deposition process. This also explains why the anode interface was chosen in this
study. One thing that is common in all these HTLs is their high lying LUMO that means
a large injection barrier for the electrons at the ITO/HTL interface which is shown in
Figure 3.17d.
In this study, several HTLs in single layer and in multilayer stacks were tried and the
devices were characterized in the dark and under 1 sunlight. Figure 3.22a shows the
dark JV characteristics of device structure ITO/HTL (60 nm)/CuPc (12 nm)/CuPC:C60
(70:30 60 nm)/C60 (12 nm)/BCP (2 nm/Mg (30nm)/Ag (70 nm) where PEDOT:PSS and
CuSCN were used as HTL. Figure 3.22a also shows the dark JV response of device of
similar stack as above but with thicker (increased from 12 to 30 nm) CuPc and C60
capping layers. We found that the reverse bias current is almost independent of the
energetics of the HTL material used and its value did not change on increasing the
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thickness of the capping layers. Devices with multilayer HTL stack were also fabricated
and characterized for their dark current. Figure 3.22b shows the dark JV for various
multilayer HTL stack devices. Although there was a small improvement in the leakage
current in PTAA, PFB, and poly-TPD HTL devices but at the same time their forward
current was also severely reduced. Implication of this reduced rectification is clearly
visible in the light response of those device (Figure 3.22c). These devices show sharp
loss in photogenerated current as electric field within the device is reduced. It was
possible to recover this photogeneration loss by doping HTLs with p-dopant,
fluorinated fullerene C60F48. This improved photoresponse as shown in Figure 3.22(de) is most likely due to improved charge transport and much reduced losses in the HTL
layers. However, the leakage current seemed to be unaffected in the doped HTL
devices which is shown in Figure 3.22f.
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Figure 3.22 Dark JV characteristics of the BHJ devices for (a) 60nm thick PEDOT:PSS
and CuSCN HTL. For the thick cap device (Figure 2.21c) PEDOT:PSS was used as
HTL and pristine CuPc and C60 layer thicknesses were increased from 12 to 30 nm. (b)
Devices where double and multilayer HTL stacks were used. The multilayer HTL stack
consists of CuSCN (30nm)/PTAA (20nm)/CuSCN (30nm). (c) Current-voltage
characteristics of F8-TFB, poly-TPD, and PTAA HTL devices measured under 1 Sun
intensity. All devices suffered due to poor fill factor. (d) Improved fill factor of the
same devices as (c) where HTLs are doped with 1 wt% C60F48 p-dopant. (e) doped
with 10 wt% C60F48. (f) Dark current-voltage characteristics of 1 wt% doped F8-TFB,
poly-TPD, and PTAA HTL devices

Discussion and Summary
As a baseline to this study, we have shown that the performance of small molecule
organic solar cell based on codeposited CuPc and C60 active layer is improved by
padding with thin CuPc and C60 layers, on both sides, as well as by incorporating an
ultrathin layer of BCP in conjugation with magnesium as cathode. After establishing
this layer sequence we moved to study the effect of the mixed (active) layer thickness.
As was previously reported, we found that for mixed layer thickness of above ~50nm
the device performance deteriorates. In our set, the device with 40nm thick mixed
layer had clearly better performance compared to those with 90nm and 120nm thick
mixed layer. Using optical modeling, we found that the differences could not be due
to interference effects since in these devices the 120nm device clearly absorbs more
light than the 40nm one. Comparing the spectral shapes between simulated and
measured EQE we found a first hint towards thickness dependent electronic
properties affecting the generation/recombination balance. To address this issue we
combined our unique measurement technique, of measuring quantum efficiency of
the devices from ultralow light intensity to more than one sun intensity, with sub gap
EQE and dedicated electrical rate-equation model.
The results of this analysis indicated that as the thickness is changed, the densities of
both the CT states and of the dark-carrier are changing. Regarding the CT states, the
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analysis shows that for thicker films the CT exciton is less bound and that there are
more CT states. The morphological (AFM) analysis indicated that the grain size is
increasing with thickness. The first puzzle is why would the CT exciton binding energy
reduce as the grains grow? In ref

[106-107]

they reported a reduction of the HOMO-

60
LUMO gap  HL  EHOMO  ELUMO
in going from a bi-layer structure   Bilayer
 to a bulkHL

CuPc

C

heterojunction   Blend
HL  which may suggest that larger grains could exhibit higher CT
state energy (lower binding). Another approach is directly related to enhanced
delocalization in larger crystals which would enhance the size of the exciton and thus
reduce the exciton binding energy.[108-109] The more intense signature of the CT states
(Figure 3.12) is more difficult to link with larger grain size as the interface area
between the CuPc and C60 reduces as the grain size increases. We attributed the
change in relative peak heights in the absorption spectrum to changes in the layer’s
crystallinity with film thickness.[92] However, co-evaporated films include both  and
 phase[67] even at temperatures below that of the full transition[96-97] to  phase. We

postulate that as the film grows there are changes in the CuPc unit cell that would lead
to differing coupling strength with the C60 crystallites.[110]
Regarding the dark-carrier density, it was found that as the CT density increases with
layer thickness so does the dark charge density. In previous publication [88] we
attributed the dark carriers mainly to residual doping or injection through diffusion
from the contacts. However, within the current set of devices the materials are
unchanged and the only difference we found was in the CT state density which we
attributed to the change in morphology. The relatively low density of dark carriers
deduced (~1015cm-3) is linked in the model[88] to CT states that are occupied in the
dark. This could be due to partial charge transfer in the ground state following the
mechanism discussed in the context of integer charge transfer.[111] Testing this
hypothesis in a fully rigorous manner is beyond the scope of this thesis. Overall, our
study shows that although morphological control is key issue it is not only the
donor:acceptor interface area that is changing but also the interactions across this
interface. Namely, the polycrystalline nature adds another dimension to the
optimization procedure.
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The reverse bias leakage current in CuPc, C60 based bulk heterojunction OPD was
found to be unaffected by the photoactive layer thickness and HTL stack and
energetics. From these results it appears that reverse charge injection through the
contact is not influencing the leakage current. Leakage current appears to be limited
by the intrinsic property of the active materials.
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Chapter 4 : Low Dark Leakage Current in Organic Planar
Heterojunction Photodiodes

This chapter will give the reader a somewhat detail analysis of leakage current in
planar heterojunction OPDs. The analysis on CuPc:C60 material system based OPDs
(chapter 2 and 3) especially in the context of leakage current appears to point that the
issue might be lying with the materials itself. In further analysis, we broadened the
test material list where we included four new donors and replaced C60 with C70. To
keep the physical picture of the device physics relatively simple we used a planar
heterojunction structure. We begin by fabricating different donor devices and
characterize for their dark leakage current. Various device measurement techniques
such as temperature dependent current-voltage characterization, sub-gap state
analysis (using PDS and sub-gap EQE measurements) reveal correlation of leakage
current and sub-gap states which underlines the importance of junction. This was
further showed by fabricating sandwiched type of devices and measuring their leakage
current in dark and as a function of temperature. In short, our results show correlation
between leakage current and sub-gap/trap states at the interface. This chapter also
discusses trap assisted tunneling as possible pathway for leakage current in OPDs.

4.1 Introduction
Organic photodiode, as commonly called, can operate as a solar cell or as a
photodetector. Although both devices may be considered as elements that detect
light there is a very significant difference in their mode of operation and thus the
physical mechanisms at play are differently balanced. Some of the key differences
between a solar cell and a photodetector are
1. A solar cell is supposed to deliver energy (photovoltaic mode) and hence its
operation point would be such that the internal voltage (band bending) of the device
is rather small so that it can supply voltage values close to its open circuit voltage. The
78

photo-detector however, consumes energy and is negatively biased (photoconductive
mode) and the internal voltage can be of several volts. Figure 4.1 shows different
working regimes of JV curve of an OPD.
2. The leakage current in a photo-detector must remain negligible up to few volts of
reverse bias while for a solar cell only the leakage close to zero bias (short circuit) is of
critical importance and it is enough that it is much smaller than the short circuit
current. For solar cells the important parameter is the reverse saturation current
which would determine Voc.
3. Noise, response time, and detectivity are figure of merits of a photodetector
whereas they are not relevant to solar cells.

Figure 4.1 Current-voltage curve of an OPD in dark and under light. Applied bias on
the OPD determines whether the device is working in the photoconductive mode or in
photovoltaic mode.
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Organic photodiodes (OPDs) are being presented as promising complementary or
alternative to inorganic based photodetectors for detection/imaging applications. A
major challenge preventing polymer or small molecule based OPDs from exhibiting a
high-quality photodetector is the reverse bias dark current level which is usually
several orders of magnitude higher than the required value. For example,
commercially available inorganic photodetectors sensitive to visible spectra based on
Si have dark current values around 2-5 x 10-10 Acm-2 at -1V.[112] On the other hand
OPDs based on different material systems not only show much higher values but also
a large variation in the leakage current. Although there are few reports on achieving
low leakage currents (1- 10 nAcm-2) in OPDs, there is a lack of explanation for the
same.[2, 5] A major roadblock in the progress of low dark current OPDs is difficulty in
distinguishing diode's intrinsic dark current contribution from external factors. It was
the goal of this chapter to get a deeper insight into the physical processes that dictate
leakage current in OPDs.
Low reverse bias dark current, often referred to as leakage current, is essential for
higher specific detectivity D* and large dynamic range which are the key figure of
merits of any photodetector.[5, 113] It has been shown in some works that by employing
thick active layers[100,

112],

electron/hole blocking layers[105,

114-116],

different active

materials[117], the leakage current to some extent can be suppressed. Despite these
successes, it remains a challenge because the physical processes which govern the
losses and determine the dark leakage current are relatively unclear hence it is still an
active area of research. Also, not always care is taken that while minimizing the
reverse (leakage) current the forward diode current will not be compromised.
To study leakage current we adopted a bi-layer device structure. OPDs of this type are
also known as planar heterojunction (PHJ) in which donor and acceptor layers form a
single interface. Schematic of a PHJ device structure is shown in Figure 4.2c. In this
chapter we used C70 as common acceptor and tried five different donor molecules
[copper phthalocyanine (CuPc), boron subphthalocyanine chloride (SubPc), 1,1-bis
[(di-4-tolylamino) phenyl] cyclohexane (TAPC), Chloroaluminum phthalocyanine
(ClAlPc), and Tetraphenyldibenzoperiflanthene (DBP)] forming five different donor
PHJ device. Because of the higher and extended absorption spectrum in the visible
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range, C70 was used in place of the commonly used C60 acceptor. Ultra-high purity
(UHP) grade organic materials CuPc, C70 (CreaPhys), SubPc, TAPC, ClAlPc, DBP
(Lumtec) were used as received. The molecular structure of above mentioned donors
and acceptor is shown in Figure 4.2a. To avoid any contact injection in the reverse bias
condition, appropriate transport layers were selected. For its low LUMO level (2 eV)
copper thiocyanate (CuSCN) was used as HTL, while Bathocuproine (HOMO ~ 6.7 eV)
was the material used as ETL. Energetics of all the materials used in this chapter are
shown in Figure 4.2b. These materials have been studied before but mainly in the
context of solar cells’ open circuit voltage [118-119] and less in the context of the leakage
current.

It is common (to many technologies) that reverse leakage current has low dependence
on both voltage and temperature.[33, 120] This has led to a range of explanations and
models some of which are concerned with the junction itself [121-124] while others deal
with extrinsic factors and thus often lump it under the notion of parallel or shunt
resistance.[33, 54, 119] To decide whether our diodes belong to the first or latter group,
we study identical device structures and use the dark current at -1V as an indication
for the level of leakage current. We found that the leakage current reduced from
CuPc/C70 to TAPC/C70 and to SubPc/C70 with an overall reduction of 2 orders of
magnitude. To study the physical mechanisms behind this result we performed both
temperature dependent J-V analysis as well as sub gap external quantum efficiency
(EQE). Finally, as TAPC lends itself easier (compared to SubPC) for device optimization
we report a value of 800 pAcm-2 at -1V for PHJ TAPC/C70 devices.
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Figure 4.2 (a) Molecular structure of all active materials used in this work. Total five
different donor materials were tried whereas fullerene C70 was the common acceptor
used in all devices. (b) Energetics of all materials including electrodes. (c) Sketch of an
OPD showing various layers present in the device. The photoactive layers (donor and
acceptor) are in the form of a bi-layer.

82

4.2 Device Fabrication and Characterization
All OPDs were fabricated in normal structure configuration on top of indium tin oxide
(ITO) coated glass substrate. The ITO substrates were cleaned and dried in following
way. The substrates were first checked in an optical microscope to make sure that the
ITO pixels are free of any kind of physical defects (scratch, debris etc.). Pixels with
defect were discarded and not used at all for further study. Defect free substrates
were cleaned in an ultrasonic bath in acetone, methanol, and isopropanol for 20
minute each. The substrates were then well dried in N 2 flow and further dried in a
vacuum oven at 1000 C for 60 minutes.
Just prior to the HTL deposition substrates were ozone cleaned for 15 minutes. The
first device structure used consists of a patterned ITO anode, a 70 nm solution
deposited thick film of CuSCN (Sigma Aldrich 99%) as the HTL, a 20 nm thick film of
donor, a 40 nm thick film of C70 as an acceptor, a 8 nm thick film of BCP (Lumtec
99.99%) as the hole/exciton blocking layer, and 30 nm thick Mg covered by a 70 nm
thick Ag to form the top electrode. As earlier explained in chapter 2, to avoid edge
effects the edges of the patterned ITO were covered by 700 nm thick polyimide layer
and device area was 18.4 mm2.
The dark current-voltage of all the devices were characterized with a semiconductor
parameter analyzer (B1500 A, Agilent Technologies) inside a nitrogen filled glovebox.
Spectrally resolved external quantum efficiency (EQE) was performed outside the
glove box with measured samples kept in nitrogen atmosphere inside a holder. Light
from the monochromator (Oriel, CS130) was chopped at 80 Hz and the signal was read
using a lock-in amplifier (EG&G 7265). The samples for cyclic voltammetry (CV)
measurements were prepared as evaporated films on ITO substrates with the ITO
acting as the working electrode. All measurements were made inside a glove box in
an inert atmosphere of N2. Details of EQE and CV measurement procedure can be
found in chapter 2 section 2.3.2 Measurement Methods.
Temperature dependent dark J-V characteristics were analyzed using K-20
temperature controller (MMR Technologies) and the signal was read by Keithley 2612
source meter.
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Figure 4.3 (a) Dark current-voltage characteristics of different donor based bi-layer
devices of structure ITO/CuSCN (70 nm)/Donor (20 nm)/C70 (40 nm)/BCP (8 nm)/Mg
(30 nm)/Ag (70 nm). (b) Current-voltage characteristics of the same devices under 1
sun intensity.

Figure 4.3a shows the semi-log dark current-voltage characteristic curves for device
structure ITO/CuSCN (70 nm)/Donor (20 nm)/C70 (40 nm)/BCP (8 nm)/Mg (30 nm)/Ag
(70 nm) for five different donors. We kept the donor thickness at 20nm since SubPc
devices deteriorate at higher thicknesses.[125] The current-voltage shapes of different
donor devices have diode like features characterized by high current rectification ratio
which is defined as
Current rectification ratio at ±1 V = current at 1V

current at -1V

Another noticeable feature is absolute dark current value in the reverse bias
condition. Different donor devices have different level of dark currents. For example,
CuPc donor device has a leakage current of ~ 1 x 10-6 Acm-2 at -1 V, TAPC, DBP, and
ClAlPc devices have a lower leakage current of ~ 8 x 10-8 Acm-2 at -1 V, whereas SubPc
device shows much reduced leakage current of ~ 1 x 10-8 Acm-2 at -1 V. Figure 4.3b
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shows the same devices characterized under 1 sun illumination intensity.
Characterized at Vapp = 0 V the short circuit current (JSC) is approximately similar ~ 5
mAcm-2 for all devices. The open circuit voltage (VOC), however, was found to be
different for different devices. VOC for CuPc was close to 0.5 V whereas in the SubPc
device it was as high as 1.1 V. Devices fabricated in different batches (Figure 4.4a)
confirm the trend in the leakage current between CuPc and TAPC donor devices. And
similar leakage current among devices fabricated on different device areas
(Figure 4.4b) confirm the reliability of the measured leakage current. Based on the
above results, CuPc (high leakage current), TAPC (low leakage current), and SubPc
(lowest leakage current) donors were selected for further study.

Figure 4.4 (a) Dark current-voltage curves for CuPc-C70 and TAPC-C70 devices
fabricated in different batch. (b) Reverse bias leakage current in TAPC-C70 device
fabricated on different areas of 0.9, 3.9, and 18.4 mm2.
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4.3 Dark and Temperature Dependent JV Measurement
In order to study different donor devices, device stacks of ITO/CuSCN (70 nm)/Donor
(20 nm)/C70 (40 nm)/BCP (8 nm)/Mg (30 nm)/Ag (70 nm) (Figure 4.5c) were fabricated
and characterized under dark and one sun illumination intensity. Devices extracted
parameters are listed in Table 4.1. Looking at the VOC of the devices we find a rather
significant difference between the VOC of CuPc and SubPc devices. The difference in
the VOC between CuPc and TAPC is 0.46 V and between CuPc and SubPc is 0.6 V. In a
good approximation, VOC normally correlates with the difference between the LUMO
of the acceptor and the HOMO of the donor. In order to compare the measured V OC
with the energetics of the donor and acceptor layers (LUMOAcceptor – HOMODonor), cyclic
voltammetry measurement was conducted on donor and acceptor materials and the
result is presented in Table 4.2.

Table 4.1 Dark and Light Characteristic Parameters for devices with various Donors
Donor

HOMO

J0

(eV)

(A/cm2)

CuPc

5.3

2x10-8

TAPC

5.5

SubPc

5.5

n

Jleak at -

VOC

JSC

PCE

FF

1V(A/cm2)

(V)

(mA/cm2)

(%)

(%)

1.7

1x10-6

0.52

4.84

1.33

53

2x10-16

1.3

6x10-8

0.98

5.24

1.83

36

1x10-16

1.55

1x10-8

1.12

5.21

1.96

34
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Table 4.2 Oxidation and reduction potential of donor and acceptor materials measured
using cyclic voltammetry.

To place the HOMO/LUMO values in the proper context, Figure 4.5a shows the cyclic
voltammogram of TAPC and SubPc donor materials. It shows that when using the
tangential to estimate the onset, the two materials are assigned the same energy
level. However, as we showed earlier for the case of C60 fullerene (Chapter 2
Figure 2.3b), it is also clear that this simple procedure does not capture the entire
picture or it may explain the range of values reported in the literature. Figure 4.5b
shows the energetics at the donor-acceptor interface where HOMO of all three donors
are placed with respect to C70 LUMO.
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Figure 4.5 (a) Cyclic voltammetry of TAPC and SubPc. Tangents showing the onset of
the oxidation wave was used to estimate the HOMO. (b) Sketch showing HOMO levels
of CuPc, TAPC, SubPc and LUMO of C70 measured using cyclic voltammetry. (c)
Schematics of the investigated bi-layer device. CV was carried out at Technion with
the aid of Dr Olga Solomeshsch.
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Figure 4.6 Current density vs voltage characteristics in dark (closed symbols) and
under one sun, AM 1.5G, illumination (open symbols) of investigated devices for
different donors. The built in voltage values for CuPc, TAPC, and SubPc donor devices
are marked with black arrows. The inset shows the extrapolation method used to
extract the ideal-diode leakage current.

The measured dark and light performance characteristics of the devices are shown in
Figure 4.6. Previous work on the similar active material systems has mostly been done
as solar cells. OPVs with the structure similar to those studied here, using SubPc/C70
and CuPc/C70 have been reported before.[125-127] The solar cell characteristics
parameters such as open circuit voltage (Voc), short circuit current (Jsc), and power
conversion efficiency (PCE) of these devices are consistent (listed in Table 4.1) with
the literature values. The dark J-V characteristics (Figure 4.6) show typical diode
behavior, with the leakage current part at low forward voltage being clearly visible for
TAPC & SubPc donor devices. The ideal-diode’s reverse dark saturation currents
density, J0,[128] of the devices were extracted by extrapolating the exponential part,
which is linear on the semi-log scale, and finding the intercept on the y-axis (see inset
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to Figure 4.6 or Figure 4.8b). The actual slope defines the ideality factor, n for different
donor is determined using formula

n   KT ln J
 q V






1

(4. 1)

where K is the Boltzmann's constant, T the temperature, q the elementary charge, J
the diode current, and V the applied voltage. The ideality factor of different donors
are calculated from their dark current-voltage characteristics in the forward bias and
is shown in Figure 4.7.

n=1.72
n=1.35
n=1.55

Figure 4.7 Dark J-V characteristics curves of CuPC (black), TAPC (red), and SubPc
(blue) donor devices. Red lines are fit to the exponential regime of the characteristics
curves. Ideality factor (calculated using Equation 4.1) for CuPc, TAPC, and SubPc
devices were 1.72, 1.35, and 1.55 respectively.

We note that, in this work, the term leakage current is used for currents that are not
part of the main (“ideal”) diode characteristics. This difference is shown in Figure 4.8a.
It shows that J0 could be estimated by extrapolating the exponential regime. Its
intercept with y-axis will give J0 using following equation
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J  J 0 exp qV KT  1

(4. 2)

where terms are same as defined previously
As discussed in the chapter 1 (1.4.2.1 Leakage current and noise), such leakage
currents could be due to shunt paths

[33, 129],

thermal activation of carriers through

sub-gap states at the D/A interface [119], or thermally and/or electrically activated
injection of carriers at the contacts[130-131]. To quantify the leakage we defined the
actual dark leakage currents as the value measured under reverse bias of -1 V. The
extracted currents’ values are also collected in Table 4.1. Since, in the ideal case, there
is a direct relation between the kT∙log(J0) and the open circuit voltage (VOC),[132] we
added the VOC values to Table 4.1 too.

Figure 4.8 (a) Plot of measured dark J-V characteristic curve (solid blue) of TAPC
device. Sketch (dashed black line) showing rough estimation of reverse dark saturation
current (J0) determined by extrapolating the exponential regime and finding its
intercept on y-axis. (b) Estimation of J0 from the measured J-V characteristic curves
for all three donors.
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Examining the extracted values in Table 4.1 we note that there is a rough correlation
between kT∙log(J0), VOC, and the change in the energy difference between acceptor
LUMO and the donor’s HOMO. Namely, J0 is relatively well behaved and can be safely
associated with excitation across the junction. The actual leakage current (J leak) is
however 2 to 8 orders of magnitudes higher. Specifically, the change from CuPc to
TAPC reduced Jleak only by a factor of ~15, compared to 107 in J0. Namely, while by
going from CuPc to TAPC and SubPc there was a significant improvement in the
leakage current there is still significant room for improvement. This is especially true
for the TAPC based device which happens also to have the lowest ideality factor.
In attempt to better identify the physical origin of the currents at low bias we
performed temperature dependence of the dark J-V between 300k and 200k (see
Figure 4.9). The temperature dependence measurements were done in cooling cycle.
The ideal-diode’s reverse dark saturation currents density, J0, is thermally activated
and can be expressed as[120]
 - B 

 KT 

J 0 =J 00 exp 

(4. 3)

Where B is the activation energy, J00 is the prefactor, and KT is the thermal energy. It
is also accepted that for a diode with ideality factor n the actual energy barrier ΔE is
ΔE  B.n [120] . We found that close to room temperature, the activation energies of

J0 for (CuPc, TAPC, SubPc) devices to be B =(0.45eV, 0.52eV, 0.65eV) (see Figure 4.10)
and using the n values and Eq. (4. 3) we get for the energy barrier ∆E=(0.77eV, 0.75eV,
1.0eV). Regarding the measured reverse current at -1V the activation energies close
to the room temperature are found to be B _leak (-1V)=(0.32eV, 0.27eV, 0.18eV) (see
Figure 4.10) for (CuPc, TAPC, SubPc) devices, respectively. Interestingly, for CuPc
device the reverse bias current activation energy quickly reduced to 0.14 eV upon
cooling whereas TAPC and SubPc did not show such transition in the measurement
range.
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Figure 4.9 Temperature dependent dark current-voltage characteristics of device
structure ITO/CuSCN/Donor/C70/BCP/Mg/Ag where donors are (a) CuPc (b) SubPc
(c,d) TAPC. All measurements were done in the cooling cycle where samples were
cooled down from the room temperature. Sufficient time was given to stabilize the
temperature (20 minute) before taking the measurement. Because of the ultra-low
current level in TAPC devices at lower temperature, voltage offsets were observed (d).
Longer integration time and much higher reverse bias scan were used to counter this
issue.
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Figure 4.10 (a) Reverse dark saturation current density (J0) and (b) reverse bias dark
current density (at -1 V) of Donor-C70 devices as a function of inverse of temperature.
Activation energies were calculated according to Equation 4.3 from the slope of plotted
curves.
For the CuPc/C70 device there seems to be agreement between the two activation
energies as well as with VOC, suggesting that a similar mechanism is governing both.
However, while B value fits well the VOC of the CuPc/C70 device, for the SubPc/C70
device it is the ∆E that fits well, and for the TAPC/C70 device neither seem to fit.
Regarding a higher VOC and ∆E in SubPc device compared to TAPC despite having
similar donor-acceptor gap (EgDA) at the interface is most likely as a result of different
charge carrier dynamics at the junction. This can also be seen in the activation energies
of reverse dark saturation current density of SubPc and TAPC devices. At room
temperature, SubPc device's activation energy 0.64 eV is higher than that of TAPC
device 0.5 eV .In other words, while the factors limiting VOC vary between the devices,
we can still state that the mechanisms governing VOC, through the exponential part of
J, are located at the junction.
From the above results it is clear that temperature dependent measurement alone is
not sufficient to explain the reverse bias dark current in different donor devices.
However, temperature dependent activation energies for reverse dark saturation
current and reverse bias dark leakage current reveal complexity of processes that
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govern these parameters. Similar studies on inorganic based p-n junction diodes have
shown temperature dependency of leakage current activation energy. [120-122, 124] In
those studies, leakage current was found to be highly dependent on the film surface
quality over which the top layer was grown. Junction with higher defect states/subgap states also had higher leakage current. These information motivated us to conduct
morphological and sub-bandgap study of the donor and acceptor films. In following
section we present results obtained from those morphology analysis.

4.4 Morphological Study
Previous studies on similar device structures in the context of solar cells (see Table 4.3)
has highlighted the role of morphology and intermolecular interaction (Donor/Donor
and Donor/Acceptor) on the dark (J0, n) and optical characteristics (VOC) of devices.[118]
In their study the authors found a correlation between the donor film morphology and
J00 which is the prefactor of J0. They conclude that films with polycrystalline nature has
higher J00 value which in turn affect J0 and VOC using below formulas. However, it was
not clear how different donor molecules are affecting J00 and whether it was
Donor/Donor or Donor/Acceptor interaction that was playing crucial role. Moreover,
they did not comment anything about reverse bias leakage current or any correlation
of that with the film morphology in their devices. To see if there is any relation
between the leakage currents and the donor film morphologies, we conducted AFM
scans on the donor films. In this section we present surface morphological study of
different donor molecular films.

95

Table 4.3 showing reverse dark saturation current (JS), VOC, and ideality factor for
devices with the structure ITO/Donor/C60 (40nm)/BCP (10nm)/Al. This data is taken
from reference[118].

Morphology or topology of layers present in the device can influence the device
behavior. For example, Figure 4.11 shows SubPc devices fabricated on 70nm and
150nm thick CuSCN HTL layers. Top surface AFM scan of ITO/CuSCN Figure 4.11 (a,c)
and ITO/CuSCN/SubPc Figure 4.11 (b,d) layers reveal drastic differences in the film
morphologies. Thicker HTL resulted in large granular structure thus a much changed
Donor/Acceptor interface compared to the case of thinner HTL. Figure 4.11e shows
the dark JV characteristics of ITO/CuSCN (70 or 150 nm)/SubPc (20nm)/C70
(40nm)/BCP (8nm)/Mg/Ag device. Interestingly, thicker HTL device shows a large
leakage current. Based on the JV characteristics and AFM scans alone it is difficult to
predict the exact reason for the observed increment in the leakage current, whether
it is Donor/Acceptor interface or anything else, nevertheless it shows that film
roughness can also play roles.
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Figure 4.11

AFM surface scan of (a) ITO/CuSCN (70nm) (b) ITO/CuSCN

(70nm)/SubPc (20nm) (c) ITO/CuSCN (150nm) (d) ITO/CuSCN (150nm)/SubPc
(20nm) (e) Dark current-voltage characteristics of thin and thick HTL device. JV under
one sun is shown in open symbols. Device structure used in this study is ITO/CuSCN
(Xnm)/SubPc (20nm)/C70 (40nm)/BCP (8nm)/Mg/Ag. AFM scan area is 5μm x 5μm.
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Similar morphological study were conducted on different donor device stacks. To
mimic the real device scenario, donor molecules of same thickness were deposited on
ITO/CuSCN (70nm) substrate under similar conditions. As shown in Figure 4.11a, 70nm
thick CuSCN film has a relatively smooth surface with rms roughness ~ 2.5nm.
Figure 4.12 shows the surface topologies of ITO/CuSCN/Donor stacks. Different
surface appearances of CuPc, TAPC, and SubPc films reveal that these are most likely
the true bulk morphology of donors. Looking at the donor films, CuPc film appears to
have many small domains whereas TAPC and SubPc films does not show any
aggregates. The rms roughness of CuPc, TAPC, and SubPc films are 2.98nm, 1.37nm,
and 0.54nm respectively. Interestingly the donor film roughness has a trend similar as
the leakage current in the respective donor devices. It can be safely said these surface
roughness are too small to form any shunt paths. But they might influence the
interaction between donor and acceptor molecules at the interface. In summary,
morphological study reveals differences among different donor films. However, this
difference alone is not sufficient to explain the leakage currents in difference donor
devices.
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Figure 4.12 Surface topology of different donors grown over ITO/CuSCN (70nm) (a &
b) CuPc film scanned over 5μmx5μm and 2μmx2μm. (c & d) TAPC film scanned over
5μmx5μm and 2μmx2μm. (e & f) SubPc film scanned over 5μmx5μm and 2μm x 2μm.
The measured resulting rms roughness of different donors were found in the order CuPc
> TAPC > SubPc.
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4.5 Sub-gap absorption in Single and Bi-layer Films
Absorption spectra of organic films can reveal film related information which depends
on the intrinsic property of the material as well as on the molecular packing in the
film. Mixed and bi-layer films based on donor and acceptor on the other hand has
overall absorption spectra that depends on the individual sum of spectra of each
material film and any new states formed due to interaction between donor and
acceptor. The new states for example could be charge transfer (CT) states or any new
state formed due to interaction between donor and acceptor molecules. These states
are generally much lower in energy and thus appear at much longer wavelengths.
Presence of traps or defects (due to impurity, disorder, etc.) have states within the
bandgap which are recombination-generation and tunneling centers.[37, 133-134] Below
bandgap light can excite trapped carriers from these states or can act as stepping
stone to excite charge carrier from the valence band. Such absorptions require photon
energies smaller than the bandgap and thus appear at longer wavelengths.[25, 135-136]
As explained above such sub-gap absorption is largely dependent on the sub-gap
states and usually are much weaker than the main absorption signal (bandgap
excitation). Several junction spectroscopy measurement methods exist to study deeplevel defects in semiconductors.[137] In this work, sensitive photocurrent measurement
(sub-gap EQE)[37,

138]

and photothermal deflection spectroscopy (PDS)[89,

139]

techniques were used to analyze sub-gap absorption. Samples for the PDS
measurement were prepared on quartz substrates in our lab at Technion and shipped
to Heidelberg University to be measured by David Becker-Koch of the Yana Vaynzof
group.
In the first measurement, individual films of CuPc, TAPC, SubPc, and C70 were
characterized for their sub-gap photocurrent signal. Figure 4.13a shows the structure
used for this study in which different wavelength of light was used to optically excite
a 100nm thick film sandwiched between ITO/CuSCN and Mg/Ag. Thickness of the films
were chosen such that it remains close to the thickness used in bi-layer devices.
Figure 4.13b shows the sub-gap EQE of films measured under broad spectra. Sub-gap
signal in case of SubPc and C70 (beyond 600nm) is very weak which drops quickly to
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the noise floor of the measurement setup. Due to the large bandgap (~ 3.2eV) TAPC
shows a very weak signal in the entire measurement range. CuPc on the other hand
shows a strong sub-gap signal (beyond 700nm) in the entire measurement spectra.
This result indicates a large energetic disorder or presence of gap states in CuPc films
which is less pronounced in rest of the films.

Figure 4.13 Sub-gap absorption studies of single layer devices showing (a) Device
stack with a 100nm thick film of CuPc, TAPC, SubPc, and C70. (b) Measured EQE of
all single devices. CuPc device shows a broad long tail extending into the bandgap of
the material. Low-energy signal for other devices are weak and is limited due to the
measurement set up.

PDS is another measurement technique which is used to characterize weak absorption
such as sub-gap absorption in semiconductor films.[89] PDS measurement is done in
following way. Films under test are scanned with light of specific wavelength.
Excitation caused by the absorbed light is eventually dissipated as heat which changes
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the local refractive index surrounding the film. A probe laser beam is refracted or bent
in a manner proportional to the temperature gradient of the transparent medium near
the surface. From this deflection, a measure of the absorbed excitation radiation can
be determined.
Figure 4.14a shows measured EQE and PDS spectra for single layer CuPc film. This
overlapping spectra obtained with PDS confirms the earlier finding with the EQE
measurement. PDS measured absorption of all the films are shown in Figure 4.14b.
Like the sub-gap EQE spectra (Figure 4.13b), PDS signal too become noisy at longer
wavelengths. Along the absorption coefficient curve and beyond the main optical
band in Figure 4.14b, there is an exponential part called Urbach tail.[140] This tail
generally appears in disordered and amorphous materials as these materials have
localized states which extended in the band gap. The band tail energy or Urbach
energy obtained using following formula is tabulated below.

  0 exp  h EU 

(4. 4)

where  is the absorption coefficient,  0 is the prefactor, and EU is the Urbach energy.
The calculated urbach energy of CuPc film is 61 meV whereas SubPc and TAPC have
a much lower value at 27 meV. This data clearly indicates a large degree of disorderness
or presence of gap states in CuPc.

Table 4.4 Calculated urbach energy from the PDS measurement for different donors
and C70.
Material

Urbach Energy (meV)

CuPc

~ 61

SubPc

~ 27

TAPC

~ 28

C70

~ 34
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In summary, the electrical and optical sub-gap absorption study on single layer films
reveal disorder in different donor materials. Characterized by the Urbach energy, CuPc
appears to be highly disordered whereas SubPc and TAPC are less disordered.

Figure 4.14 (a) Measured EQE and PDS spectra of CuPc film. For the EQE
measurement CuPc single layer device with structure ITO/CuSCN/CuPc/Mg/Ag was
used. While Quartz/CuPc structure was used for PDS measurement. (b) Measured PDS
spectra of CuPc, TAPC, SubPc, and C70 films. Tangent fits are guide to eye to depict
sub-gap absorption tail spread in different materials.

Similar sub-gap absorption analysis as above was conducted on different donor/C70
devices. Device structure ITO/CuSCN/Donor/C70/BCP/Mg/Ag was used in the sub-gap
EQE study while Quartz/Donor/C70 was used for PDS measurement. Figure 4.15a
shows EQE spectra for wavelength 400nm – 1600nm, varying in excitation photon
energy from 3.1 eV to 0.77 eV, of different donor devices. Comparing bi-layer sub-gap
EQE spectra (Figure 4.15a) with that of single layer (Figure 4.13b) there is noticeable
difference especially in the low-energy part. In case of TAPC donor device there
appears to have new states appearing at wavelength above 1000nm. This new feature
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cannot be explained based on TAPC and C70 absorption alone. These states most likely
be created as a result of interaction between TAPC and C70. CuPc device on the other
hand has its low energy tail extended all the way to 1600nm. Finally, SubPc device
similar to single layer device has very short tail. It is also clear from Figure 4.15 that
sub-gap EQE measurement is more sensitive than the PDS. For example, in case of
CuPc, EQE signal at 1100nm (Figure 4.15a) is still several orders higher than the
measurement setup limit whereas the PDS signal (Figure 4.15b) has already reached
to the setup limit.
Based on the above analysis it can be concluded that CuPc device has the largest
number of sub-gap states and SubPc has the least. This trend is also in line with the
reverse bias dark current (see Figure 4.6) in these donor devices. Next section
discusses relation between measured sub-gap EQE and leakage current in different
donor devices.

Figure 4.15 (a) EQE spectra of different donor/C70 devices. Devices of structure
ITO/CuSCN/Donor/C70/BCP/Mg/Ag with CuPc, TAPC, and SubPc donors were used
in the EQE analysis. (b) PDS measurement of different donor/C70 grown on Quartz.
Dotted rectangle area shows higher sensitivity of EQE measurement for sub-gap
absorption analysis.
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4.6 Sub-gap states and Dark Leakage Current
Figure 4.16 shows the PDS measurement spectra of all donor materials along with the
acceptor C70. Although it fails to show clean low-energy spectra, it still gives a rough
estimate of disorder in different active materials. Calculated urbach energy of all the
materials are summarized and shown in Figure 4.16.

Figure 4.16 UV-VIS-NIR PDS spectra of CuPc, ClAlPc, TAPC, SubPc, DBP donors
and C70 acceptor materials. Quartz/Film (50nm) was used for the PDS measurement.
Urbach energy (band tail energy) of each material calculated from the measured
absorption spectra.
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For the sub-gap EQE analysis, devices of structure ITO/CuSCN/Donor(20nm)/C70
(40nm)/BCP/Mg/Ag were fabricated. Figure 4.17 shows the full EQE spectra and dark
current-voltage characteristic curves of all donor devices. Looking at the low energy
EQE spectra of different donor devices and their corresponding dark JV one can
broadly put them in three categories. In the first category is CuPc donor which has
highest dark current of 1 x 10-6 Acm-2 at -1 V. Interestingly the same device is also
characterized with a long sub-gap absorption tail. In the second category, ClAlPc,
TAPC, DBP donors have a lower dark current than CuPc with 6-8 x 10-8 Acm-2 (at -1 V).
Also these donors have very similar sub-gap absorption strength which is lower than
the CuPc device. In the third category lies SubPc which has lowest dark current of 1 x
10-8 Acm-2 (at -1 V) and also has weakest sub-gap absorption strength. In other words,
dark current of each device is directly correlated with the sub-gap absorption strength
or gap states. Device which has high leakage current also has strong presence of gap
states. Since acceptor C70 is common in all devices, these gap states could be said to
be originated from different donors or donor mediated new states. But for the CuPc,
the PDS data of the donor materials does not show correlation between the donor
disorder and leakage current. Hence the picture of donor mediated states is more
likely to hold.
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Figure 4.17 (a) EQE extended to the sub-gap range, for five different donor materials.
(b) Dark current-voltage characteristic of the same devices used in (a).

4.7 Sandwich Device
If our postulate that donor mediated tail states are influencing leakage current in our
bi-layer devices is correct then changing donor material right next to the interface
should also affect the leakage current. To test this we fabricated sandwiched devices
where a thin (~7nm) donor material (highly disordered or less disordered) was placed
between donor and C70. Such a junction structure is shown in Figure 4.18a where a
7nm thin TAPC or DBP material was sandwiched between a 50nm thick CuPc and 40nm
thick C70 and in second set a 7nm thin CuPc between DBP and C70.
The JV of this triple active layer and bi-layer is shown in Figure 4.18a and their EQE is
shown in Figure 4.18b. Looking at the response of CuPc/TAPC(7)/C70 device we note
that both the reverse leakage current and the sub-gap EQE changed to match those
of TAPC/C70 bi-layer device. Careful examination of the sub-gap EQE of this triple
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active layer shows some remains of CuPc at ~1100nm and close to our set-up noise
margin indicating the quality of the surface coverage of CuPc by TAPC. To verify that
this leakage current change is not influenced due to the high LUMO level of TAPC, a
similar device with sandwiched DBP (similar LUMO as CuPc) was fabricated. Dark JV
and EQE response of device CuPc/DBP(7)/C70 is shown in Figure 4.18. The JV and subgap EQE response of CuPc/DBP(7)/C70 device shows the same behavior as
CuPc/TAPC(7)/C70. In other words DBP sandwiched device's response shifts towards
DBP/C70. To see how CuPc affects low leakage current device, a CuPc sandwiched
device DBP/CuPc(7)/C70 was also fabricated. We note that both the reverse leakage
current and the sub-gap EQE changed to match those of CuPc/C70 bi-layer device.

Figure 4.18 (a) Dark current voltage characteristics of bi-layer CuPc/C70 and DBP/C70
device. Sandwich CuPc/C70 device where a 7nm thin DBP and TAPC was inserted.
Similar DBP/C70 device with 7nm CuPc sandwiched in between. (b) Measured EQE
spectra extended to the sub-gap region for bi-layer and sandwiched devices shown in
(a)
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One may point that placing a deeper HOMO level material (TAPC, DBP (~ 5.5 eV)
compared to CuPc (~ 5.2 eV)) next to C70 might be playing a role. However, the
extracted reverse bias current activation energy ~0.20 eV for CuPc-DBP(7nm)-C70
device at -1 V is (see Figure 4.19) too small compared to the diagonal (HOMO (Donor)
– LUMO (C70)) gap. From the above analysis it is clear that changing the donor
material at the donor-acceptor interface has impact on the leakage current. The
leakage current reduces when a disordered material is replaced with less disordered
and vice versa. This suggests that the leakage current is most likely associated with
excitations across the donor-acceptor interface through sub-gap or CT states.

Figure 4.19 For device stack CuPc-DBP(7nm)-C70 (a) Temperature dependent dark
JV characteristic curves of DBP sandwiched device (b) Activation energy extraction
for reverse bias dark current at -1 V.

4.8 Generation-Recombination at the Interface
Figure 4.20 shows schematically the physical picture we suggest for the source of the
leakage current in the above diodes. Moving from CuPc to TAPC and to SubPc, the
density of the donor’s tail states reduces and consequently the probability for low
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energy CT states that could promote excitation across the donor-acceptor interface
reduces. Namely, we claim that the increased leakage current is due to a higher
generation/recombination at the junction and that the latter is enhanced by the
donor’s deep sub-gap states tailing from the HOMO level.

Figure 4.20 Sketch of physical mechanisms at play at the donor-acceptor interface in
the measured devices. Density of gap states are depicted in accordance to the sub-gap
absorption (Figure 4.15a and 4.17a) intensity.

If the main issue are the tail states of the donor’s HOMO level than it would be
beneficial to position the Fermi level at V = 0 between those states and the acceptors
LUMO. This can be achieved by lengthening the hole’s side of the junction
(Figure 4.21(b-c)). Thick CuSCN layer insures more voltage drop on the donor side thus
putting the donor HOMO further away from the Fermi level. This means reduced hole
density at the interface which would reduce generation-recombination strength.
Attempting to optimize the SubPc/C70 cell was not successful due to the SubPc
properties being highly dependent of the film thickness[125]. The optimized TAPC/C70
device structure was ITO/CuSCN (150nm)/TAPC (60nm)/C70 (40nm)/BCP (8nm)/Mg/Ag
which consisted primarily of enhancing the thickness of a high mobility hole
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transporting layer. The J-V characteristics of this device are shown in Figure 4.21a
along with those of a device having about half CuSCN film thickness. Comparing also
to the previous figures, we note that Jleak, at -1V, has reduced to 800 pAcm-2 while the
exponential part of the J-V in the forward direction is not affected.

Figure 4.21 (a) Dark current-voltage characteristics of TAPC/C70 device with 70 and
150nm thick CuSCN layer. (b,c) Voltage drop across the device in case of 70 and
150nm thick CuSCN. Hole concentration at the donor/C70 interface is dependent on
b which means different hole densities at donor/C70 interface in thin and thick

CuSCN devcies.
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4.9 Tunneling and Leakage current
In previous reports, mostly on reverse saturation current density (J0), it has been
argued that J0 in organic heterojunctions is thermally activated, in which electrons can
be excited from the HOMO of the donor molecule to the LUMO of the acceptor across
the junction.[119] In this case the effective barrier height calculated from the activation
energy roughly correlates with the difference in energy between the HOMO level of
the donor and the LUMO level of the acceptor molecules that form the heterojunction
(see section 4.3 Dark and Temperature Dependent JV Measurement).
The reverse bias dark current (Jleak) in those organic heterojunction diodes however
have activation energies which are much smaller than the energetic barrier for carrier
injection from the electrodes to the HTLs or photoactive layers.[141] They are also much
smaller than the diagonal energetic gap between HOMO level of the donor and the
LUMO level of the acceptor and therefore no ground-state charge-transfer reaction
can be invoked to explain the Jleak in the organic heterojunction diodes.[105]

General relation between a physical variable such as leakage current of OPDs and
temperature can be used to extract activation energy according to [142-143]

Jleak (T )  exp  Ea kT 

(4. 5)

where k is the Boltzmann constant, T is the absolute temperature, and Ea is the
activation energy. The slope of an Arrhenius plot, Jleak(T) vs 1/kT gives the activation
energy. As shown in Figure 4.10b, the reverse bias current activation energies are
much small in the range 0.18 eV to 0.35 eV at -1 V. Moreover, the activation energy
appears to be changing to even lower values at lower temperature.[105] For example,
in the case of CuPc device the reverse bias activation energy at -1 V dropped from 0.32
eV at room temperature to 0.14 eV at 270 K.

Switching the attention to leakage currents in extensively studied silicon based p-n
junction diodes, where the reverse bias current in principle shows activation energies
of either bandgap of silicon (Eg) or Eg/2 depending on whether diffusion or generation112

recombination is the dominant mechanism for leakage current.[144-146] However,
several reports have shown that the leakage current is highly dependent on the
junction preparation condition.[121, 124, 147] In other words, leakage current was found
to be highly dependent on the film surface quality over which the top layer was grown.
Junction with higher defect states also had higher leakage current. Moreover,
activation energy was different than Eg or Eg/2 and had temperature dependency. This
means that in addition to diffusion and generation-recombination there is another
conduction mechanism which is affecting the leakage current. Hurkx et. al.[148] showed
that standard SRH recombination model alone is not sufficient to produce the leakage
current. However, reformulating the recombination model by including a tunneling
factor (field enhanced SRH) produced a leakage current that was equivalent to the
measured value. This tunneling mechanism in the context of p-n junction is shown in
Figure 4.22 which can be explained in the following way. Presence of states inside the
bandgap (due to defects, impurities etc.) act as a trap center which can capture charge
carriers. Under high electric field these trapped charge carriers can tunnel through the
potential barrier and reach to the conduction band. This mechanism is similar to
thermionic field emission which in literature is also termed as trap assisted tunneling
(TAT). More information about TAT and other models can be found in literature.[149151]

Figure 4.22 Comparison of (a) pure SRH and (b) field-enhanced SRH. These effects
are effective recombination-generation processes for different strength of the electric
field. The figure is modified from reference.[151]
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Returning to the case of organic photodiode, recent results have given further
indications that low activation energy in the case of reverse bias current is most likely
related to tunneling mechanism.[36,

152-153]

The above explanation (as given for

inorganic) can be used to explain the electrical response of different donor devices
(see Figure 4.17). We note that in our OPDs, the reverse bias current was found to be
in correlation with the sub-gap EQE strength as shown in Figure 4.17. In Figure 4.23
we sketch some of the processes and propose that junction can be an important part
of some of those processes. Other than generation-recombination (process 1),
coupled defect levels assisted generation (process 2), and trap assisted tunneling into
the acceptor side followed by hopping conduction through C70 trap states (process 3
and 4) can also contribute to leakage current. Process 3 and 4 is similar to described
by Li et al.[154] and also proposed by Keivanidis et al.[105] About the source of charges,
they can either enter via the contacts or thermally generated inside the device. If
contacts are not limiting (large barriers) then it is the thermal generation of charges
into the donor mediated gap states (process 3) followed by hopping to the contacts
(process 4). Each of the process (as shown in Figure 4.23) is directly dependent on the
energetics and density distribution of the trap states as well as electric field

[37, 155]

inside the device. Thus higher the density of donor and donor mediated trap states
higher the leakage current. And the leakage current activation energy will depend on
the most dominant process path shown in Figure 4.23.
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Figure 4.23 Sketch showing proposed process mechanisms which are contributing to
diode leakage current. Possible pathways that can contribute to leakage current are
thermal generation (process 1), coupled defect level assisted generation (process 2), and
trap assisted tunneling (process 3 and 4).

Discussion and Summary
In conclusion, different donor based planar heterojunction device are studied for their
reverse bias leakage current. Obtained results reveal different level of leakage
currents in different donor devices. We find that temperature dependent dark J-V
alone is insufficient to explain the differences but gives some valuable insight about
the processes responsible for leakage current in heterojunction based OPDs. Sub-gap
absorption studies via PDS and sub-gap EQE measurements reveal level of disorder in
different donor materials. The measurement also reveal new states originating due to
interaction between donor and acceptor materials. We found strong correlation
between the density of sub-gap states and leakage current in different donor/C70
devices. We have shown that the deep tail states at the donor/acceptor junction
correlate with efficient generation-recombination centers which are one of the main
sources of the leakage current. We further show the role of the donor/acceptor
interface by fabricating sandwich devices where the insertion of thin (10nm) donor
material next to the interface has significant impact on the leakage current. In fact,
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from the results one may infer that the part of the donor film that participate in the
leakage current generation is limited to the 10nm next to the junction interface. From
the practical point of view, we show that by minimizing the tail state density, i.e. by
using a less electronically-disordered material, leakage current can be greatly reduced.
Also, by designing the device such that most of the built in voltage drops across the
donor side, an ultralow leakage current of 800 pAcm-2 at -1 V for TAPC/C70 is obtained.
Deciphering the details of the leakage mechanism at the junction requires further
studies. Device models that would allow to simulate processes especially 2, 3, and 4
as shown in Figure 4.23 might be able to give further insight into the role of tunneling
mechanism on leakage current in heterojunction based OPDs.
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Chapter 5 :

High Performance CMOS-Compatible
Inverted Small Molecule Organic Photodiode with very
low Dark Leakage Current.

Low leakage current is one of the prerequisites of any photodetector. Leakage current
becomes even more important in sensitive devices such as image sensors. As we
showed in chapter 4, the leakage current in optimized TAPC device was in the range
(~ 1 nAcm-2 at -1 V) which fulfills one of the key requirements of photodetector for
image sensor. However, the opaque nature of CMOS substrate and bias restrictions
(bottom electrode cathode) on device were some of the key challenges that needed
to be solved in order to integrate our OPDs on CMOS. In this chapter we extensively
study Titanium nitride (TiN) as alternative to Aluminum (Al) and utilize it as bottom
contact as cathode. This chapter describes our approach towards fabrication of an
inverted top illuminated photodiode. The chapter contains full characterization of our
inverted photodiode and patterning technique that allows to fabricate our OPD on
CMOS substrate.

Organic photodiodes (OPDs) offer a myriad of advantages over conventional inorganic
photodetectors, making them particularly attractive for imaging application.[113, 156]
One of the key challenges preventing their utilization is the need for their integration
into the standard CMOS processing. Herein, we report a CMOS-compatible topilluminated inverted small molecule bi-layer OPD with extremely low dark leakage
current. The device utilizes a titanium nitride (TiN) bottom electrode modified by a
[6,6]-phenyl C61 butyric acid methyl ester (PCBM) cathode buffer layer (CBL). We
systemetically show that doping the CBL enhances device's low voltage
photoresponse by increasing the linear dynamic range (LDR) and making the
bandwidth of the photodidoe broader without compromising the leakage current. The
optimized device exhibits a dark leakage current of only ~ 6 x 10-10 A/cm2 at -0.5 V.
The external quantum efficiency (EQE) at 500 nm reaches 23% with a calculated
specific detectivity as high as 7.15 x 1012 cm Hz1/2/W (Jones) and LDR approaches
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140dB at -0.5 V bias. The proposed device structure is fully compatible with CMOS
processing and can be integrated onto a CMOS readout circuit offering the potential
to be applied in high-performance large-scale imaging arrays.

5.1 Introduction
Organic photodiodes (OPDs) are a promising alternative to traditional inorganic
photodetectors for application in detection and imaging due to their advantageous
properties.[2-4,

156-157]

These properties include, among others, tunable optical

response, high absorption coefficients and the possibility to be fabricated on a variety
of different substrates. A range of such OPDs based, for example, on small molecules,
polymers as well as organic-inorganic active layers have already been investigated for
imaging

technologies

resulting

in

promising

device

performance

and

characteristics.[141, 158-161]
The beneficial properties mentioned above offer the opportunity to envisage imagers
that combine the advantages of organic materials with established silicon
technologies. Several examples exist, in which OPDs were successfully integrated on
the backplane of organic,[162] metal-oxide,[163] and a-Si:H[164] thin-film transistor (TFT)
readout circuits, mostly employed in large-area applications such as x-ray imagers.
Recently, a proof-of-concept OPD integrated on the backplane of a CMOS readout
integrated circuit (ROIC) has been demonstrated by Mori et al,[8] with such hybrid
imagers based on a CMOS backplane expected to have high switching speed and
reduced readout noise as compared to a-Si:H based imaging devices.[165] However,
such OPD devices would need to be CMOS-compatible, introducing significant
challenges due to the fact that the device bottom electrode must be opaque and is
strictly restricted by the CMOS process flow. For example, while aluminium (Al) is a
common material in the CMOS flow and could serve as a cathode in an OPD, it is highly
reactive and quickly forms a thin native oxide layer upon exposure to ambient
atmosphere[166-167] making it difficult for use as a bottom electrode. To counter this
issue, Baierl et al. proposed etching the Al contact pads just prior to the organic layer
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deposition,[168] while Yen et al. coated the Al electrodes with a thin conductive metaloxide.[169] While these approaches allowed the fabrication of OPDs over Al pads, they
complicate the overall device fabrication by the necessity of addition of processing
and patterning steps.
Another material which is part of a CMOS process flow, but is rarely explored as an
electrode is TiN. TiN offers chemical inertness and excellent electrical properties,[170]
making it very promising for utilization as an electrode. However, a key drawback of
physical vapour deposited (PVD) TiN films is their large surface roughness with peak
height reaching several tens of nanometres.[171] These topological features on the
surface of TiN are likely to serve as a potential source of leakage current by forming
shunt paths between the top and bottom electrodes. One approach, demonstrated by
Mori et al., is based on a chemical mechanical polishing (CMP) technique to create a
completely flat Ti-based bottom electrode,[8] however, this method requires
additional processing and, therefore, increases complexity and cost. Another
drawback of TiN is related to its high work function,[172] making it unsuitable as an OPD
cathode. Malinowski et al. showed that this can be resolved by inserting a metal-oxide
(TiOX or ZnO) interlayer between the TiN and the active layer,[173] however this
approach is complicated by the high processing temperature (>4000 C) of these metal
oxides[174-175] and the need for further process optimization prior to their integration
into imaging systems.
An alternative approach that would mitigate both drawbacks of TiN is the insertion of
a doped interlayer between the bottom electrode and the photoactive layer. Such a
layer can smoothen the rough surface of TiN, while also providing an advantageous
energetic alignment between the active layer and the bottom electrode. However, to
be suitable for image-sensing applications, the interlayer must also guarantee that the
diode leakage current and electrical cross-talk between in-plane pixels are not
compromised, while improving electrical contact between the bottom electrode and
the photoactive layer.[176]
In this work, we demonstrate that TiN can be successfully utilized as a bottom cathode
contact to realize a CMOS compatible high performance OPD based on a bi-layer
C70/TAPC

active

layer.

We

show

that
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a

(4-(1,3-dimethyl-2,3-dihydro-1H-

benzoimidazol-2-yl)phenyl)dimethylamine (N-DMBI) doped [6,6]-phenyl C61 butyric
acid methyl ester (PCBM) cathode modifier allows both improved electron transport
and loss reduction, as well as suppressing reverse bias leakage current. We optimize
the interlayer thickness and doping level and demonstrate that it can be patterned
based on the requirements of a CMOS process. The optimized OPD exhibits an
impressive dark leakage current of only ~ 6 x 10-10 A/cm2 at -0.5 V. The device shows
a specific detectivity as high as 7.15 x 1012 cm Hz1/2/W and a linear dynamic range
(LDR) of 140dB at -0.5 V bias. Our work significantly advances the engineering of OPD
devices, making them fully compatible with CMOS processing which will allow their
future integration into industrial imaging applications.

5.2 TiN Characterization as an Electrode
To test the CMOS compatibility of the OPD, the complete device stack was fabricated
on a test blanket wafer substrate of Si/SiO2/TiN. The compatibility of TiN as an OPD
electrode was studied by fabricating an opaque device with the structure TiN/C70(50
nm)/TAPC(50 nm)/MoO3(10 nm)/Ag(100 nm). In the above device structure, TiN is
acting as an electron injecting/collecting contact (cathode) and MoO3/Ag is playing the
role of anode. The energetics of the different material layers used are shown in
Figure 5.1a. All the devices with this structure suffered from either shorts or very high
leakage current (Figure 5.1b). This high leakage currents are problematic as we know
that low leakage current is figure of merit of photodetectors.
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Figure 5.1 (a) Energy levels of all the materials used in this work. (b) Dark J-V
measurement of three separate TiN/C70(50 nm)/TAPC(50 nm)/MoO3(10 nm)/Ag(100
nm) devices. All devices suffered with either high leakage or shorts.

One probable reason for this large leakage currents and shorts in the above device
might be due to TiN's surface roughness. As we have seen earlier (chapter 3
Figure 3.19) in the case of ITO electrodes that an HTL was needed to get rid of effect
of substrate's roughness on the leakage current. The Atomic Force Microscopy (AFM)
images of bare TiN films (Figure 5.2) show a rough surface structure with a root mean
square roughness of ~ 6nm and random spikes larger than 50 nm. These spikes, in
turn, are most likely to be the reason for the high leakage currents and shorts in the
above opaque devices.
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Figure 5.2 Tapping mode AFM image of the TiN surface showing the surface
roughness. Presence of random spikes (white dots) protruding from the surface can be
seen (a) on a sacn area of 25μm x 25μm (b) on 8μm x 8μm.

The work function of TiN was estimated using kelvin probe force microscopy
(KPFM).[177-178] This technique allows to map the topography as well as surface
potential of sample. When an AFM tip is brought close to the sample surface, an
electrical force is generated due to the differences in their Fermi energy levels. This
force can be nullified by applying an external bias which has the same magnitude as
the potential difference between tip and the sample surface; therefore, the work
function of the sample can be calculated if the tip work function is known. AFM tip's
work function can be determined by measuring a sample of known work function.
The measured contact potential difference (CPD) between the AFM tip and TiN
surface (Figure 5.3) was used to extract the TiN work function using the following
formula

TiN  Tip  qVCPD

(5. 1)

where TiN is the potential of TiN, Tip is the potential of the AFM tip (4.9 eV) and
VCPD is the potential difference between the two. The VCPD was measured to be

approximately -100 mV, resulting in an estimated TiN work function of (5.0 ± 0.1) eV,
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in agreement with previous reports.[172] It is often expected that these energetics of
the TiN electrode should not have much influence over the photogenerated electron
extraction especially in the context of OPDs where the devices operate under reverse
bias. However, as we show below, this is not the case for low bias levels required by
advanced circuits.

Figure 5.3 (a) Schematic of nap mode. For each scan line, the system captures the
topography. The system then retraces that topography on the same line in order to keep
a constant distance from the sample surface. (b) Potential difference distribution of TiN
surface relative to the AFM tip material (tip coating material Ti/Ir).

Coating the TiN electrode with an appropriate interlayer has the potential of
transforming it into a cathode with improved surface structure and electronic
properties.[138] In this chapter, [6,6]-phenyl C61 butyric acid methyl ester (PCBM) was
selected to act as a cathode interlayer due to several advantageous properties. Firstly,
it can be easily deposited by solution processing and does not require high
temperature processing. This is vital as it allows to potentially integrate the OPDs
within the permissible thermal limit set by the underneath readout circuit elements.
For example, a large temperature can potentially alter the threshold voltage of the
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reset transistors of the readout circuit which will change the bias applied to OPDs.
Secondly, PCBM is a commonly used electron transport layer, which would infiltrate
the rough surface of TiN and act as a surface planarizer. Finally, it offers an ideal
energetic alignment with the C70 layer within the active layer which should lower any
losses at this interface.[179]

Figure 5.4 AFM scan of an undoped 80 nm thick PCBM film spin-coated on TiN. The
film is relatively smooth with rms roughness ~ 1.35 nm and peak height of ~ 6.3 nm.
(b) Optical microscope image of the same spin-coated film as (a) of a larger area at 20x
magnification.

While PCBM coating of TiN resulted in a smooth surface (see Figure 5.4), devices with
the structure TiN/PCBM (80 nm)/C70 (50 nm)/TAPC (50 nm)/MoO3 (10 nm)/Ag (100
nm) resulted in a close to symmetrical current-voltage characteristic with very low
current in the forward bias direction (Figure 5.5d). To eliminate the possibility that this
is related to a formation of an insulating surface layer on top of TiN, we fabricated
devices where TiN serves as anode with the structure TiN/CuSCN (80 nm)/TAPC (50
nm)/C70 (50 nm)/BCP (8 nm)/Mg (30 nm)/Ag (70 nm) where CuSCN is a hole transport
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layer.[180] Device stacks designed TiN as anode and cathode are shown in Figure 5.5(ab). These devices showed efficient hole injection from TiN into CuSCN, visible as large
forward current (Figure 5.5d), suggesting that the poor electron injection efficiency
from TiN into PCBM is not caused by the presence of an insulating surface layer, but
rather by unfavourable energetic alignment. As obtained from the KPFM
measurement, the relatively high work function of TiN (5.0 ± 0.1 eV), allows for
efficient hole injection into CuSCN (HOMO level ~5.2 eV), while in the case of PCBM
(LUMO level ~3.9 eV), a large energetic barrier of ~1 eV is formed, significantly
lowering the efficiency of electron injection. Energetics of all the materials are drawn
in Figure 5.5c.

Figure 5.5 (a) Device where TiN is acting as anode (b) TiN acting as cathode (c) Energy
level of CuSCN and PCBM relative to TiN (d) Current-voltage characteristics for devices
where TiN contact is used as anode (TiN/CuSCN/TAPC/C70/BCP/Mg/Ag) and as cathode
(TiN/PCBM/C70/TAPC/MoO3/Ag), respectively.
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5.3 Anode Design and Characterization
We saw in the last section that introduction of PCBM interlayer as TiN planarizing layer
greatly reduced the reverse bias dark leakage current. In order to determine other key
detector parameters such as responsivity, detectivity, linear dynamic range they must
be characterize under light. However, it is important to keep in mind that the opaque
nature of the bottom TiN electrode makes it necessary to develop a transparent top
electrode that will allow the incoming photons to reach to the active part in the device.
Deposition of high quality transparent conductive electrodes such as indium tin oxide
(ITO) requires a high substrate temperature, which might cause irreversible
degradation to the underlying organic layers. Additionally, protecting the organic
layers from the damage originating from the incoming high energy particles adds
further complexity to the device design and fabrication.[181] Transparent conductive
PEDOT:PSS polymer is an alternative. However, this water based solution deposited
polymer might damage the underneath active layer film.
Motivated by the recent progress on tri-layer dielectric-metal-dielectric (DMD)
electrode structures,[182-184] we fabricated a MoO3/Ag/MoO3 stacked electrode (Figure
5.6d) and adjusted the layer thicknesses to optimize the anode optical and electrical
properties. To model the electromagnetic field intensity distribution and consequently
the light intensity transmitted through the DMD stack, ellipsometry measurements
were performed to extract the complex refractive index parameters of the materials
(Figure 5.6a). We utilized an optical model based on transfer matrix formalism, which
is suitable for multilayer systems.[185] Figure 5.6b shows measured and simulated
spectral transmission of an optimized stack of glass/MoO3(10 nm)/Ag(12 nm)/MoO3
(32 nm). The measured and simulated transmission is relative to air and thus also
includes reflection from the glass interface. Excluding the latter effect, the optimized
tri-layer electrode stack has a peak transmission of ~88% at 500 nm. Figure 4.6b also
shows the measured absorption spectrum of thermally deposited C70 film on glass,
demonstrating that the absorption peak at 500 nm coincides with the highest
transmission region of the electrode stack.
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Figure 5.6 (a) Real refractive index (n) and extinction coefficient (k) spectra measured
by ellipsometry and investigated in optical modelling. (b) Measured (blue) and
modelled (red) transmission for the tri-layer MoO3/Ag/MoO3 anode. The absorbance
(green) of a C70 film deposited on glass is shown for reference. (c) Two-probe
conductivity measurements of the tri-layer anode directly after fabrication (blue) and
after two weeks in air (red). (d) Top electrode stack structure.

In addition to the optimized optical properties, the DMD stack must be sufficiently
conductive to serve as an anode. It is also desirable that the stack would be stable
upon exposure to air and maintain its electrical properties. Figure 5.6c shows the
conductivity of the top MoO3 layer in the lateral direction measured immediately
following fabrication and after 2 weeks of exposure to ambient atmosphere. The stack
shows an excellent conductivity and has a sheet resistance as low as ~ 9 Ω/sq making
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it suitable to serve as the anode of the OPD device. The sheet resistance of this DMD
stack is similar as transparent electrodes such as ITO.

Resolving the issues of leakage current and of conductive transparent electrode
allowed to fabricate complete device stack for optical characterization. Figure 5.7
shows the photoresponse of top illuminated device structure TiN/PCBM (80 nm)/C70
(50 nm)/TAPC (50 nm)/MoO3 (10 nm)/Ag (12 nm)/ MoO3 (32 nm) at two different
biases. Figure 5.7a shows the spectrally resolved external quantum efficiency (EQE) of
the above device at 0 V and -1 V. Because of separate photocurrent paths bi-layer
devices in general show very little reverse bias effect on the EQE. However, in this case
the EQE increases by more than 30% (at 500 nm) to its short circuit value when a
reverse bias of -1 V is applied. This rather significant increase in the EQE under reverse
bias suggests inefficient charge extraction at low voltages. A similar behaviour was
found in the photoresponse linearity measurement (Figure 5.7b) of the same device.
The light intensity response of the device under zero bias is sublinear. Whereas
applying an external bias improves the response which become almost linear at -1 V.
From these measurements it appears that the presence of the 80 nm thick PCBM layer
is detrimental to device's photoresponse at low voltages. The above phenomena are
most likely a sign of charge transport related issues.
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Figure 5.7 Photoresponse of device structure TiN/PCBM (80 nm)/C70 (50 nm)/TAPC
(50 nm)/MoO3 (10 nm)/Ag (12 nm)/MoO3 (32 nm) showing (a) Spectral EQE response
at short circuit and -1 V. (b) Responsivity of the same device at 0 and -1 V measured
under white light illumination at different intensities.

5.4 Optimization of PCBM interlayer by Doping
We note that in the current context, TiN cannot be used as anode due to the polarity
of the bias imposed by the underneath CMOS readout circuit. As shown above, a large
electron injection barrier is formed at the interface between TiN and PCBM, resulting
in low efficiency of charge injection. Another limitation introduced by the PCBM
interlayer is related to its relatively low conductivity. In order to planarize the rough
TiN surface a relatively thick PCBM film (80 nm) has to be deposited, which hinders
charge transport through this layer. This latter issue is particularly limiting for OPD
devices that operate at low voltages.
Doping has been demonstrated to be an effective method to increase the conductivity
of organic layers and to improve electrical contact between metal electrodes and
organic layers.[186] Commercially available Hexadecyltrimethylammonium (CTAB)[187]
and 4-(1,3-Dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)phenyl) dimethylamine (NDMBI)[188-189] n-dopants were selected to dope PCBM. To test the efficacy of n-doping,
we fabricated PCBM field-effect transistors with varying level of N-DMBI and CTAB
doping. Figure 5.8 shows characteristic transistor transfer curves for different molar
concentrations of N-DMBI and CTAB doped PCBM films. One may notice the difference
in the transfer curves for the undoped PCBM devices prepared together with N-DMBI
and CTAB doped films. This might be due to the way these films were prepared as
explained in the experimental section. Looking at the transfer curves of the doped
transistors they exhibit a significant shift of the threshold voltage (Vt) to negative gate
voltages with increasing doping level. This shift in Vt is attributed to the increased
concentration of electrons across the semiconducting layer due to n-doping. This
means a large negative gate voltage is needed to deplete the electrons from the
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channel to turn off the device. The undoped device has a positive threshold voltage
whereas it reduces to -20 V in case of 1 molar % doped device. Threshold voltage for
devices with 5 and 10 molar % doped films were beyond the measurement range.
From the above results it is clear that n-dopants are able to dope the PCBM film and
it is responding to the dopant concentration.

Figure 5.8 Transfer characteristics of OFETs with PCBM as active layer, doped with
(a) CTAB and (b) N-DMBI with different molar ratios measured at VD = 5 V.

We chose N-DMBI as an n-dopant as it can be easily introduced into the PCBM solution
and has already been shown to be an efficient dopant of PCBM.[188-189]. To quantify
the increase in electron conductivity of the doped films, two probe conductivity
measurements were performed on both doped and undoped films. In the above
transistor transfer curves and two probe conductivity measurement (Figure 5.11) care
was taken that the gate leakage current remains negligible compared to the channel
current. Low gate leakage current ensures accurate and reliable extraction of
transistor and film specific parameters. In the OFET stack Si(p+)/SiO2/Film/Contact
where a highly doped silicon is playing the role of gate, any direct connection between
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film and substrate can potentially form current path resulting in a high gate current.
This scenario is highly probable in solution deposited such as spin coated films as
shown in Figure 5.9a. One can disrupt the film-substrate current path by isolating the
transistor. Shown in Figure 5.9b is an on chip transistor isolated with a plastic tweezer.
Soft tweezer was used to ensure that gate oxide remains intact while isolating the
transistor. Figure 5.9c shows the gate leakage currents for different molar % doped
(N-DMBI) PCBM OFETs. Clearly when transistor is not isolated gate leakage current is
high whereas the gate leakage reduced to the noise floor of the measuring instrument
when isolated.

Figure 5.9 (a) Schematic showing spread of spin coated film on a substrate. (b) Optical
image showing an isolated transistor from the rest of the film. (c) Gate leakage current
(Ig) of differently doped transistors after fabrication (solid line) and after isolating them
(dotted line).

Figure 5.10 shows the channel current Id with respect to the gate current Ig. The
channel current in an unisolated transistor has almost the same value as gate current
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in case of undoepd film whereas in doped case the difference between them is not
more than two orders. While isolated transistor shows a channel current that is more
than five orders higher than the gate current.

Figure 5.10 (a) Transfer characteristics (solid line) and gate leakage (dotted line) of
OFETs with PCBM as active layer, doped with N-DMBI with different molar ratios
measured at VD = 5 V (a) before isolation (b) same OFETs after isolation.

Figure 5.11 shows the extracted conductivity values for an 80 nm thick PCBM film as
a function of N-DMBI % molar concentration. The conductivities of N-DMBI doped
PCBM films increased significantly approaching 5x10-3 S/cm for 5% dopant
concentration an increase of over 6 orders of magnitude higher when compared to
undoped PCBM films (~ 10-9 S/cm).
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(a)

(b)

Figure 5.11 (a) Transfer characteristics of OFETs with PCBM as active layer, doped with
N-DMBI with different molar ratios measured at VD = 1 V. (b) Two probe conductivity
measurements of doped PCBM. The conductivity of undoped PCBM is provided for
reference.

To investigate the effect of doping on the energy level alignment at TiN/PCBM and
PCBM/C70 interfaces, we performed UPS measurements on both doped and undoped
PCBM films deposited on TiN. Samples for the UPS measurement were prepared on
TiN substrates in our lab at Technion and shipped to Heidelberg University to be
measured by Vincent Lami of the Yana Vaynzof group. Upon coating with undoped
PCBM, the TiN work function is reduced to 4.65 eV, which we interpret to arise from
an interfacial dipole pointing into the TiN substrate. We attribute this to a
corresponding ground state electron transfer from PCBM to TiN. The hole injection
barrier for undoped PCBM is measured to be 1.4 eV (Figure 5.12a), resulting in an
ionization potential value of 6.05 eV, in excellent agreement with previous
measurements.[190] Subtracting the 2.1 eV electronic bandgap of PCBM[191] allows us
to estimate the position of the LUMO and the corresponding electron injection barrier.
For the undoped case, this barrier is fairly large at 0.7 eV, in agreement with the low
injection efficiency into PCBM described above. In the doped case (5 % molar doping),
a larger dipole of 0.9 eV is formed at the interface, resulting in a work function of 4.1
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eV. The measured hole injection barrier is 1.85 eV, placing the Fermi level close to the
LUMO level as expected upon n-doping. The corresponding electron injection barrier
is only 0.25 eV, which should result in efficient charge injection into the doped layers.
The advantageous interfacial alignment with C70 was confirmed by UPS
measurements on TiN/PCBM/C70 films. The HOMO level of C70 shows a similar shift
when deposited on doped PCBM layer (Figure Figure 5.12b), suggesting that the
LUMOs of the PCBM and C70 layers remain aligned upon doping. The energetic
alignment at the TiN/PCBM interface is summarized in Figure 5.12c.
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Figure 5.12 UPS measurements showing the valence band spectra of (a) undoped and
doped PCBM layers on TiN and of (b) thermally deposited C70 on top of doped and
undoped PCBM layers. The black lines indicate HOMO level fits. (c) Schematic band
energy diagram showing electron injection barrier at the TiN/PCBM interface for the
undoped and for n-doped (5 % molar doping) PCBM on the left and right, respectively.

5.5. Optimized Photodiode Structure and Characterization
Combining the optimized PCBM cathode modifier and the anode DMD structure, we
fabricated OPD devices with the structure TiN/PCBM (80nm)/C70 (50nm)/TAPC
(50nm)/ MoO3 (10nm)/Ag (12nm)/MoO3 (32nm) with various doping levels of the
PCBM layer (Figure 5.13a). Figure 5.13b shows the dark current-voltage characteristics
of undoped, 0.25%, 1%, and 5% doped devices. We note that the doping % always
refers to a molar % of doping and % doped device refers to the level of n-doped PCBM
in the device. Devices with 5% doping level resulted in high reverse leakage currents
and were therefore excluded from further characterization. The high leakage current
in 5% doped devices is most likely to be associated with aggregation of N-DMBI
stimulated complex formation at the surface of the doped PCBM films, [189, 192] as
confirmed by the AFM and optical-microscope analysis (see Figure 5.14). Based on the
leakage current response it appears that a high doping is detrimental to device
performance. Doping level 1% and below has almost similar level of leakage current
at -1 V. For the 1% doped device the reverse bias leakage current at -1 V was in the
range of 1 to 3 nA/cm2 . To the best of our knowledge, these are one of the lowest
leakage current values reported for inverted OPDs based on TiN electrodes.
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Figure 5.13 (a) Schematic structure of the fabricated inverted OPDs (b) Dark currentvoltage characteristics for the undoped and doped devices. (c) EQE versus wavelength
of undoped and doped devices measured at 0 V. (d) Spectral responsivity of the devices
at 0 V bias. (e) LDR of 1% doped device measured at -1 V under white light
illumination. (f) Detectivity of 1% doped device at -1 V.
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Figure 5.14 (a) AFM scan of 5 molar % doped 80 nm thick PCBM film spin-coated on
TiN. A large aggregate is clearly visible at the center of the image. (b) Optical
microscope image of the same spin-coated film as (a) but of a larger area at 20x
magnification. Presence of aggregates (in black circle) can be seen throughout the film.

5.5.1 Bi-layer vs Mix layer Device

Figure 5.13c shows the spectrally resolved external quantum efficiency (EQE) of
undoped, 0.25% and 1% doped devices at zero bias. The 1% doped device yields an
EQE of approximately 23% at 500 nm - nearly double of that of the undoped device
(12%). These EQE values are relatively moderate compared to semi-transparent
inverted bulk heterojunction (BHJ) based devices.[115, 193] In order to examine whether
the performance of photodetector devices can be enhanced by using a BHJ active
layer, we fabricated and characterized the dark leakage current and EQE of such
devices. Figure 5.15a shows the EQE response of a planar BHJ active layer device of
structure TiN/PCBM (80 nm)/C70 (40 nm)/C70:TAPC (70:30 40 nm)/TAPC (50 nm)/
MoO3 (10 nm)/Ag (12 nm)/MoO3 (32 nm) at 0 and -1 V. The EQE response of the BHJ
active layer device at short circuit condition is 34% compared to 23% for a bilayer
device measured at 500 nm. At -1 V the response of the BHJ device is increased to 40%
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compared to the 24% of the bi-layer. However, these improvements are accompanied
by a significantly higher dark leakage current as compared to the bilayer device
(Figure 5.15b). Specifically, the measured leakage current in the BHJ active layer
device at -1 V was 3 x 10-7 A/cm2 - almost two orders higher than the bilayer device.
Such a large leakage current would significantly decrease the key photodetector
figures of merit, namely the detectivity and LDR, so despite the enhancements in
quantum efficiency, an OPD that incorporates a BHJ active layer is still inferior to the
bilayer OPD device. The origin of the high leakage current in the BHJ active layer device
is related to the increased interfacial area in this device. We have shown that the
leakage current in our bilayer devices is dictated by the junction and depends on how
efficient are the recombination-generation processes at the donor/acceptor
interface.[138] The high interfacial area in the BHJ active layer device means more
efficient recombination-generation via interface states, which would result in
enhanced leakage current. The enhanced number of interface states is also reflected
by the BHJ active layer device having a higher ideality factor of n ~ 2.05 as compared
to the bilayer device n ~ 1.58 (see inset to Figure 5.15b). Moreover, we note that due
to the presence of large contact barriers (1.4 eV for holes and 3.5 eV for electrons) any
reverse bias contact injection can be ruled out. Based on these results solely the
undoped and 1% doped bilayer devices were selected for further photodetector
specific characterizations.
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Figure 5.15 (a) Spectral photoresponse of 1% doepd mixed active layer device at 0 and
-1 V. (b) Dark current-voltage characteristics of the same mixed layer device. The inset
shows the ideality factors of a 1% doped bi-layer and mixed layer device. The ideality
factor is calculated from the forward bias dark current.

5.5.2 OPD Characterization
Figure 5.13d shows the spectral responsivity of the undoped and doped devices at
zero bias calculated using the expression:[38]

R   (nm) EQE ( ) 1240(Wnm A)

(5. 2)

where  is the wavelength of incident light (nm) and EQE ( ) is the spectral external
quantum efficiency of the device. For  = 500 nm at 0 V, the 1% doped device shows
a responsivity of 0.092 A/W, while the undoped device’s responsivity is only 0.047
A/W. At -0.5 and -1 V, the responsivity of the 1% doped device increased to 0.095
A/W, 0.096 A/W, whereas the undoped device's responsivity rose to 0.056 A/W, 0.065
respectively.
The photosensitive linearity measurement, also known as LDR, of the 1% doped device
at -1 V under white light illumination is shown in Figure 5.13e. The device shows
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perfect linearity in the entire measurement range of our equipment set up. The lower
limit of the LDR in general defined by the noise current. Assuming that dark current is
the dominant source of noise in our OPD. This assumption allows us to calculate the
linear dynamic range of the photodetector, which is given by[112]
LDR = 20 log  J Photo J Dark 

(5. 3)

where J Photo is the upper limit of the photocurrent that is still linear with respect to
the light intensity and J Dark is the dark current . The optimized 1% doped device results
in a LDR of ~135dB and ~140dB at -1 and -0.5 V respectively which is a high value for
small molecule and polymer based OPDs .

Characterizing the photosensitivity linearity of undoped and doped devices at various
biases provides insight into the origin of the improvements for the latter.
Measurements performed at -0.2 V (see Figure 5.16a) show that while the doped
device (1 %) exhibits a linear response over the entire intensity range, the undoped
device’s response deviates from linearity at high intensities. This deviation from
linearity is reduced when a higher voltage of -0.4 V is applied (see Figure 5.16b). This
suggests that in the case of undoped PCBM devices, a significant voltage drops across
the PCBM layer, reducing the electric field available to assist with charge separation
and extraction. Applying a higher bias resolves this issue by increasing the electric
field, until at -1V bias the linearity of the photosensitivity response is restored (See
Figure 5.16c). This effect is also evident in the EQE measurements at -1V bias when
compared to EQE at 0 V. While no significant change can be seen for the doped
devices, the EQE of the undoped device increases from 12% to 16% (see Figure 5.16d).
These results highlight that the high performance of the doped OPD is compatible with
operation at low voltages, which would also lower the leakage current and enhance
the device sensitivity.
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Figure 5.16 Photosensitivity linearity measurement of undoped and 1 molar % doped
device under varying white light illumination at (a) -0.2 V (b) Undoped only device at 0.2 V & -0.4 V (c) Undoped and 1 molar % doped at -1 V (d) Spectral EQE of undoped
and 1 molar % doped device measured at 0 V and -1 V.

To quantify the optimized OPDs noise, first noise equivalent power (NEP) was
calculated. NEP is defined as the minimum light power required in order to generate
an electrical signal equivalent to the noise current of the photodetector at a specific
bandwidth (B) is given by[38]
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(5. 4)

NEP  I noise R

where R is the responsivity (A/W) at specific wavelength and I noise (A/Hz1/2) is the noise
current defined as

I noise


4KTB 
 2eJ dark B 

Rsh 


0.5

(5. 5)

where e is the absolute electron charge (1.6 x 10-19 C), J Dark is the dark current (A), B
is the detection bandwidth (Hz), K is the Boltzmann constant, T is the temperature,
and Rsh is the shunt resistance of the photodiode (ohm). We note that Eq. (5.5) does
not count other sources of noise such as flicker noise. With the typical values of our
1% doped device at -0.5 V ( J Dark = 1.1 x 10-10 A, B = 1 Hz and Rsh ~ 5GΩ) calculated
shot noise current of 6 x 10-15 A/Hz1/2 was higher than the thermal noise of 1.8 x 10-15
A/Hz1/2. Using Eq. (5.4) the calculated shot noise equivalent NEP for 500 nm
wavelength light is ~ 5.6 x 10-14 W/Hz1/2. Area independent noise figure also known as
specific detectivity (D*) for a photodiode is given by

D  A NEP  R AB 2qJ dark

(5. 6)

where A is the device area (cm2) and rest of the parameters have their usual meaning
as mentioned before. Equation (5.6) is valid under the assumption that the dark
leakage current of the OPD is the dominant source of noise. At -0.5 V, the calculated
shot noise was found to be higher than the thermal noise.[112] At 500 nm under -0.5 V,
-1 V bias, the detectivity of 1% doped devices is found to be 7.15 x 1012 and 5.28 x 1012
Jones respectively. The undoped device whereas showed a detectivity of 3.5 x 1012
Jones and 3.42 x 1012 Jones at -0.5 V and -1 V respectively. We note that above
detectivity values were calculated in a 1 Hz bandwidth. The spectral detectivity
characteristics at -1 V for 1% doped device is presented in Figure 5.13f.
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As the final figure of merit we characterized the frequency response of the undoped
and 1% doped devices. The cut-off frequency or the bandwidth is determined by the
frequency of input light modulation at which the photodiode response is -3dB lower
than the low frequency signal.[38] A different way to describe a photodiode's speed is
from its rise time or fall time. The rise time is defined as how fast the output signal
increases from 10% to 90% of the final output level. The frequency response of a
photodiode is limited by either the carrier transit time or the RC time constant. The 3dB frequency for the undoped and 1% doped device at different reverse bias
conditions are shown in Figure 5.17a. At short circuit condition the -3dB frequency for
the undoped device was found to be 38 kHz whereas 1% doped device showed a much
higher cut-off frequency of 388 kHz. In the case of the undoped device the cut-off
frequency gradually increased to ~ 310 kHz at -1 V. Whereas in the case of 1% doped
device no bias dependent response improvement was found. This cut-off frequency
improvement of the undoped device can also be seen as the increase in the rise time
of the device (see Figure 5.17b).

Thus it appears that the cut-off frequency of the doped OPDs are limited by the
characteristic RC time constant and not by the transport across the diode. The
undoped OPDs however, seem to be limited by the transport across the undoped
PCBM layer (see also the very low forward current in Figure 5.5d). At low voltages the
bandwidth is limited by the undoped PCBM layer and as the bias increases it
approaches the RC limit.
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Figure 5.17 (a) Frequency response of undoped and 1% doped devices measured at
different voltages. The -3dB frequency at short circuit condition for the undoped device
is 38 kHz which increased to more than 300 kHz at -1 V. The 1% doped device has a
relatively constant bandwidth of 380 kHz. (b) Dynamic photoresponse of the undoped
device. It shows the decrease of rise time at higher reverse bias voltages.

5.6 Impact of Environmental Conditions on Device Performance
and Compatibility with CMOS Processing
The environmental stability of the devices was assessed by characterizing them
directly after fabrication in an inert environment and after storage in ambient air in
the dark without encapsulation. Figure 5.18a shows the dark current characteristics
of a fresh device and the same device after 2 weeks in the air. One noticeable
difference is in the space charge limited current in the forward bias condition. The
forward current at 1.5 V has decreased from 66 μA/cm2 to 16 μA/cm2, but more
importantly the reverse bias leakage current at -1 V changed only slightly from ~2
nA/cm2 to ~4 nA/cm2. The corresponding EQE measurements (Figure 5.18b) show that
there was no significant degradation in the optical response of the device.
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Furthermore, to investigate the feasibility of integrating the OPD device structure on
CMOS readout circuits, the PCBM layer was patterned prior to the fabrication of an
OPD over it. Patterning allows using a specific area of the substrate for OPD, leaving
the rest of the substrate area for other purposes, for example, for readout circuitry
and external bonding for device characterization. Figure 5.18a shows the dark current
characteristics of a device in which the PCBM layer has gone through lithography and
reactive ion etching processes. The patterned device shows excellent qualities and has
a similar level of dark current (~1 nA/cm2 at -1 V) and EQE - as shown in Figure 5.18b
– compared to the unpatterned device. This result indicates that the doped PCBM
layer retains its properties after lithography, etching, and photoresist stripping
processing steps making it compatible with CMOS processing. We note that these
process steps were done on the test blanket substrate Si/SiO2/TiN. In the next step
these processes including OPD integration will be carried out on real CMOS ROIC
which is currently under investigation and will be published elsewhere.

Finally, the in-plane electrical cross-leakage current was estimated by treating the
doped PCBM interlayer as resistor, connecting two neighbouring pixel electrodes. The
parasitic current that the adjacent pixel would sense can be expressed as:[38, 194]

ID 

 W  t
L

Vd

(5. 7)

where I D is the current flowing between the pixels,  is the conductivity of 1% doped
PCBM (~5x10-6 S/cm), W is the pixel electrode width (80 m), t is the PCBM layer
thickness (80 nm), L is the distance between the pixel electrodes (80 m), and Vd is
the voltage applied to one pixel electrode. The resulting parasitic current flowing at 1 V to the neighbouring pixel is ~0.04 nA, which is well below the diode leakage
current. This shows potential for fabricating an array of OPDs by spin-coating PCBM
on pre-patterned bottom electrodes. By fine-tuning the doping level, it is possible to
minimize the leakage current between neighbouring pixels further, and to eliminate
the need for isolating PCBM coated pixel pads from one another.
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Figure 5.18 (a) Dark current-voltage characteristics of a fresh device (solid red), same
non encapsulated device after 2 weeks storage in ambient atmosphere (dotted red) and
a patterned device (blue). (b) Spectral EQE response of the same devices. (c)
Schematics of patterned devices going through additional processing steps, compared
to an unpatterned device.
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5.7 Al as Electrode
Aluminum a commonly used cathode material due to its low work function of ~ 4.2 eV.
However, aluminum forms a thin native oxide (Al2O3) layer when exposed to air or

water.[166-167] The thickness of this native layer is quite thin (1-3 nm) whose growth is a
function of time. Since the native oxide is an insulator, the presence of it on top of the

aluminum cathode can alter the interface properties to the organic materials. [195] To
counter this issue, methods such as preprocessing of aluminum prior to organic
deposition[196], fresh metal (oxide) deposition[169] have been proposed. These
adaptations do result in better result but at the cost of extra process complexity and
cost. Here we fabricate an inverted OPD on top of doped PCBM modified aluminum
and characterize its electrical and optical response.

5.7.1 Inverted structure on Al
In order to investigate the influence of the native oxide on the electrical and optical
behavior of the inverted OPDs, 6 month ambient old aluminum coated substrates
were used. Opaque device in structure Si/SiO2/Al (450 nm)/C70 (50 nm)/TAPC (50
nm)/MoO3 (10 nm)/Ag (100 nm) was fabricated and characterized for dark JV
characteristics. Figure 5.19a (red line) shows the dark JV graph of the above device.
Figure 5.19a (blue line) shows JV curve of a similar structure device but with 30 nm
freshly deposited aluminum Si/SiO2/Al (450 nm)/Al (30 nm)/C70 (50 nm)/TAPC (50
nm)/MoO3 (10 nm)/Ag (100 nm) prior to organic layer deposition. Both the curves
have symmetrical JV response characterized by high reverse bias current. Figure 5.19b
shows the JV response of similar device structure with fresh aluminum but with an
island type top MoO3/Ag electrode. The device shows a rectifying behavior with a low
reverse bias current of < 10 nAcm-2 at -1 V. Comparing the device structures used for
JV curves shown in Figure 5.19a (red and blue) and Figure 5.19b and their
corresponding reverse bias currents, it appears that this excessive current is extrinsic
and is most likely caused by perimeter leakage through the bottom electrode. When
the edges of the bottom aluminum was covered with PI, device Si/SiO 2/Al (450
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nm)/C70 (50 nm)/TAPC (50 nm)/MoO3 (10 nm)/Ag (100 nm) showed a much reduced
leakage current as shown in Figure 5.19a (green line). This confirms that the leakage
current was dominated by the edge effects. The low forward current is most likely due
to in efficient injection from the bottom electrode.

Figure 5.19 Dark JV characteristic curves of inverted structure diode fabricated on top
of Si-SiO2-Al (400nm) where (a) organic layers were deposited without any electrode
surface modification (red line); 30 nm fresh Al was deposited prior to organic layer
deposition (blue line); without any electrode surface modification but edges of the
pixels covered with polyimide (b) 30 nm fresh aluminium prior to organic layer
deposition. Top electrode was deposited through a different shadow mask giving an
island shape.

Finally, a bottom Al electrode based top illuminated inverted device was fabricated in
structure Si/SiO2/Al (450 nm)/PCBM (80 nm)/C70 (50 nm)/TAPC (50 nm)/MoO3 (10
nm)/Ag (100 nm). Here, a 1% doped PCBM interlayer was incorporated to get rid of
any surface defects and improve the electrical contact between Al and C70.
Figure 5.20a shows the dark JV characteristics of the above device stack. The dark
current density at -1 V was in the range ~12 nAcm-2. Optical response EQE of the
device is shown in Figure 5.20b. It shows a decent zero bias EQE value of ~ 33% at 500
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nm. We note that Al electrode based device has a different EQE shape and value
compare to a similar device stack but with TiN bottom electrode (see Figure 5.18b).
This difference is most likely originated due to different reflectance of the bottom
electrodes which can change the interference pattern in the device.

Figure 5.20 Aluminum bottom electrode based top illuminated photodiode in structure
Si/SiO2/Al (450 nm)/PCBM (80 nm)/C70 (50 nm)/TAPC (50 nm)/MoO3 (10 nm)/Ag
(12 nm)/ MoO3 (32 nm) showing (a) Dark JV characteristics. (b) Spectral EQE response
of the device.

5.8 Conclusion
In summary, TiN was explored and successfully implemented as bottom electrode in
an inverted top-illuminated OPD. We have shown that a sandwiched interlayer of NDMBI doped PCBM is beneficial in improving the electrical contact between TiN and
the active layer (C70). The other beneficial doping effect in comparison to the undoped
layer is loss reduction of photogenerated carriers at low operating voltages due to
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much improved electron transport within the device. The optimized device shows an
excellent PD characteristics, having a dark leakage current of ~0.6 x10 -10 A/cm2,
detectivity of 7.15 x 1012 Jones at 500 nm, linear dynamic range close to 140 dB, and
negligible in-plane parasitic current at -0.5 V. Its bandwidth, although limited by the
RC, is 388 kHz which is amongst the highest reported for organic PDs at below -1 V
operation. The robustness of the doped PCBM layer shows remarkable promise for
future integration of OPD devices into CMOS readout circuits and potential application
in high-performance large-scale array imagers.

Experimental Section
Organic Photodiode Fabrication: OPDs were fabricated on Si/SiO2/TiN substrates
where TiN is acting as bottom contact cathode. To avoid any perimeter leakage, the
edges of the patterned TiN were covered with 700 nm thick polyimide layer leaving a
diode active area of 18.4 mm2. Next, a 80 nm thick layer of N-DMBI (Sigma 99.9%)
doped PCBM (NANO-C 99.5%) was deposited by spin-coating. For this purpose, a
28 mg/ml solution of PCBM dissolved in CB was stirred and heated (at 70 0 C) for 24
hours; after that the solution was filtered (0.2 μm PTFE) and mixed with N-DMBI
solution (in CB) at different molar %, and left overnight to mix well before spin coating.
The films were spin-coated inside a nitrogen-filled glovebox and annealed at 750 C for
30 minutes. Directly afterwards, a 50 nm thick film of C70 (Lumtec) and a 50 nm thick
film of TAPC (Lumtec) were thermally evaporated to serve as acceptor/donor bi-layer.
Finally, a tri-layer anode consisting of 10 nm thick film of Molybdenum trioxide (MoO3,
Sigma 99.99%), 12 nm thick silver (Ag) and a 32 nm thick MoO3 was evaporated.
Organic Photodiode Characterisation: Dark current-voltage of OPDs were
characterized with a semiconductor parameter analyzer (B1500 A, Agilent
Technologies) inside a nitrogen-filled glovebox. Measurements were performed on
several samples from different batches to ensure that the results are reproducible.
Intensity-dependent photocurrent was measured using a white light emitting diode
matrices, whose intensity was controlled by the bias current. Appropriate optical
density (OD) filters were used to extend the intensity range (~5 order) from ultra-low
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to ~3 sunlight intensity. Spectrally resolved EQE was performed outside the glove box
with measured samples kept in nitrogen atmosphere inside a holder. Light from the
monochromator (CornerstoneTM 130) was chopped at 120 Hz, and the signal was read
using a lock-in amplifier (EG & G 7265).

Field-Effect Transistor Fabrication and Characterization: Organic field-effect
transistors (OFETs) were fabricated on highly doped silicon Si++ substrates serving as
gate, with a 100 nm thick SiO2 insulating layer as dielectric. Spin-coated films (~30 nm)
of undoped and N-DMBI doped PCBM were annealed in a nitrogen-filled oven for 15
hours at 75 0C. Finally, the devices were completed by a 30 nm calcium (Ca)/100 nm
aluminium (Al) source-drain contacts which were thermally evaporated through a
shadow mask. The electrical characterization of as-fabricated OFETs were done using
a semiconductor parameter analyzer (B1500 A, Agilent Technologies) inside a
nitrogen-filled glovebox.

Atomic Force and Kelvin Probe Microscopy: Surface morphology images were acquired
using a MFP-3D Infinity atomic force microscope (AFM) operated in tapping mode. For
the surface potential energy images of TiN surface the AFM was operated in kelvin
probe force microscopy (KPFM) imaging mode.

Optical Characterization: Transmittance of glass/MoO3 (10 nm)/Ag (12 nm)/MoO3 (32
nm) tri-layer electrode stack was measured using a UV-Vis-NIR spectrophotometer
(Cary 5000, Agilent) in air.
Ellipsometry: The ellipsometry measurements of single films of MoO3 and Ag films on
glass were conducted by variable angle spectroscopic ellipsometry (VASE Ellipsometer
J. A. Woollam Co.) model.

Ultraviolet Photoemission Spectroscopy (UPS): UPS measurement were performed
using a double-differentially pumped He (Helium) discharge lamp ( h = 21.22 eV) with
a pass energy of 2 eV and a negative bias of -5 V in an ultrahigh vacuum system
(ESCALAB 250 Xi).
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Interlayer Patterning Experiments: PCBM interlayer patterning was performed using iline photolithography with a negative orthogonal photoresist (OSCoR 5001). After
lithography, the PCBM surrounding the pixel area was removed by oxygen plasma
reactive ion etching. Finally, the photoresist covering the pixel area was stripped in a
stripper to leave PCBM on the active area only.
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Chapter 6 : Small molecule based Hybrid CMOS-imager
Recent advances in the performance of photodetectors [3, 99, 156, 197] based on organic
and novel materials such as graphene and perovskite have seen surge in using them
in combination with inorganics (CMOS) as hybrid image sensors. [161, 195, 198-201] These
example also underlines ability of these materials to be used in tandem with silicon.
In this chapter, the work on the inverted top illuminated small molecule OPD from
chapter 5 will be used to integrate our optimized OPD on CMOS substrate to realize a
hybrid imager. That is done by directly fabricating the OPD on top of CMOS ROIC.
Firstly, the inorganic part of the detector, the CMOS-chip will be briefly explained. In
the following section, complete device fabrication process will be explained. Finally,
bonding of the integrated chip on a chip carrier and preliminary result of the
optoelectronic characterization of the hybrid imager will be presented.

6.1 CMOS substrate
The CMOS-chips used for the hybrid imager were designed and fabricated at the
Tower Semiconductor Ltd. facility in Israel. The area of the silicon wafer was processed
in standard CMOS 0.18 μm technology. Here, the CMOS-chip was mainly introduced
to test the compatibility of small molecule OPD to the CMOS and gather information
about important pixel characteristics. In this project a relatively large pixel pad of 80
μm x 80 μm arranged in an array of 17 x 13 pixels was used.

The layout of an individual hybrid imager (5mm x 5mm) containing different parts of
the chip is shown in Figure 6.1. In the hybrid approach, in contrast to a standard CMOSimager, the whole pixel is covered with a metallization layer so that the full pixel area
can be employed for the organic photodetector. The fully CMOS-compatible
aluminum layer, used here, has to connect the read-out electronics to the organic
photoactive layer, therefore acting also as the bottom electrode of the OPD.
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Figure 6.1 CMOS-imager chip architecture showing different sections of the sensor.
OPD pixel pads are arranged in an array of 17 x 13 pixels.

6.2 Pixel
An imager consists of an array of pixels where pixels are placed in a zipper formation.
The pixel covers a certain area of light sensitive material, and all light absorbed within
this area contributes to one pixel output voltage value. The pixel does not only contain
the photoactive area, but provides also some circuitry for the read out. The
photoactive part is called photodiode and the read out circuitry is made of transistors.
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Based on the configuration, two main sensor types' passive pixel sensor (PPS) and
active pixel sensor (APS) are used in imagers.
Despite its simple architecture and high fill factor, imagers based on PPS suffer due to
high KTC noise (due to large bus capacitance) and low signal to noise ratio (SNR). In
PPS imagers readout of a pixel column is of serial nature (e.g. one amplifier for one
column), which makes the reading slow resulting in decreasing image capture times
for increasing the pixel array. To overcome these problems, the APS technology was
developed.

Figure 6.2 (a) 3T pixel architecture. (b) Graphical database file (gds) showing layout
of photodiode and transistors in 3T pixel architecture. (c) Read-out schematic diagram
showing integration phase of the photosignal.

155

The most common active pixel architecture is the 3-transistor pixel (3T) which is
shown in Figure 6.2a and is used in this work. The photodiode is initially rest to a high
voltage (e.g. 3 V) through the Reset Transistor. In this condition the photodiode is
reversely biased. When the reset goes low again, the exposure can be initiated. During
exposure, photogenerated electrons decrease the voltage at the photodiode cathode
node. The resulting voltage is read out through the Source Follower transistor (SF)
when the row select signal is high, opening the Select transistor. The photodiode
together with these three transistors form one pixel. Schematic of such a pixel with its
primary components is shown in Figure 6.2b. Upon end of the exposure time/charge
integration time, signal is read out. A simplified timing diagram of the readout is
shown in Figure 6.2c. First, the signal value is sampled. The signal value is the voltage
at the photodiode cathode at the end of exposure. The stored charge equivalent
voltage of the photodiode is obtained by subtracting the signal value from the initial
rest value.

Vout  Vreset Vsignal

(6. 1)

During the signal sampling time the voltage over photodiode may change due to noise
and other factors. One way to get rid of this discrepancy is through uncorrelated
double sampling. After signal sampling, photodiode is reset to its initial value and this
signal is sampled. The sampled signal and sampled reset signal ensures that correct
voltage is read from the node.

6.3 Integration of OPD
Due to a much smaller size of the CMOS substrates compared to the blanket wafer
test device and further requirements from post fabrication bonding of the chip contact
pins to a chip carrier for electrical characterization, several process modifications were
needed. Patterning of PCBM interlayer allows using a specific area of the substrate for
OPD, leaving the rest of the substrate area for other purposes, for example, for
readout circuitry and external bonding for device characterization. In addition to that,
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it was found that a higher spin speed, 3k rpm compared to 1k rpm on test substrates,
is needed in order to deposit a uniform PCBM layer on CMOS substrate.
Figure 6.3a shows a microscopic picture of a part of the CMOS chip before processing.
1% N-DMBI doped PCBM film was spun coated on top of CMOS chip (see Figure 6.3b).
The optical image shows a homogeneous coverage of PCBM film. PCBM interlayer
patterning was performed using i-line photolithography with a negative orthogonal
photoresist (OSCoR 5001). After lithography, the PCBM surrounding the pixel area was
removed by oxygen plasma reactive ion etching. Finally, the photoresist covering the
pixel area was stripped in a stripper to leave PCBM on the active area only (see
Figure 6.3c). Complete removal of PCBM from the periphery contact pins are evident
by shiny periphery areas compared to the PCBM coated area.
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Figure 6.3 (a) Optical image of the CMOS substrate before organic layer deposition.
(b) Spin coated PCBM layer on top of CMOS substrate. (c) PCBM patterned CMOS
substrate. (d) Bonded chip inside a chip carrier.
The layout of the bonded chip on a chip carrier is shown in Figure 6.3d. The purpose
of the chip carrier is to ease the handling during the characterization since it exhibits
electronic contacts which can be simply clamped into a read-out-device. Since the
bonding to the chip carrier was performed post organic deposition, care was taken to
avoid any damage of the organics due to the heat budget of bonding. The bonding was
performed at 50 degrees which is lower than the glass transition temperatures of the
organics used.

6.4 CMOS-imager characterization
Some of the preliminary results obtained are shown in Figure 6.5 and Figure 6.6. We
have not attempted to explain these results as this part is still under progress which
we hope to complete soon.

Figure 6.4 Measurement setup where an LED source is illuminating the sensor with a
homogeneous light.
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Figure 6.5 Pixel array output as a function of different illumination intensities. The
light source is a green LED (523 nm) whose intensity is varied from 0 to 5.7 x 10-3
mWcm-2.
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Figure 6.6 Signal output voltage as a function of light exposure. Light source is a green
LED (523 nm) whose intensity is varied from 0 to 5.7 x 10-3 mWcm-2 . The integration
time or exposure time used is 100 ms.
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Chapter 7 Conclusion & Future Work
The purpose of this thesis was to gain a better understanding of physical processes
which govern leakage current in small molecule organic photodiodes. Also one of the
main objectives of this thesis was to develop a good quality photodiode and integrate
with CMOS to realize a hybrid CMOS imager. To reach the final goal of hybrid CMOS
imager, several issues had to be dealt with. This chapter summarizes the key points
from each chapter and gives some directions for future research on this topic.
Although the majority of work reported in Chapter 2 and Chapter 3 is based on using
the OPD as a solar cell, it does lend itself as a platform to understand the role of
electrodes, various interfaces within the structure and the influence of active layer
thickness on the performance of the device. To gain a better understanding of the
intricacies of devices' internal physical processes, we used a stable prototype device,
CuPc:C60 bulk heterojunction OPD. In Chapter 2 we examined and compared
modifications of device structure by changing photoactive layer structure, trying
different metal cathodes, and introducing cathode buffer layer and studied their effect
on the device performance. As a baseline to this study, we have shown that the
performance of small molecule organic solar cell based on codeposited CuPc and C60
active layer is improved by optimizing donor-acceptor composition in the mixed
device, padding with thin CuPc and C60 layers, on both sides, as well as by
incorporating an ultrathin layer of BCP in conjugation with magnesium as cathode.
In Chapter 3 we studied the effect of the CuPc:C60 mixed (active) layer thickness. As
was previously reported, we found that for mixed layer thickness of above ~50nm the
device performance deteriorates. Using optical modeling, we found that the
differences could not be due to interference effects since in these devices the thick
device (120nm) clearly absorbs more light than the thin (40nm) one. Comparing the
spectral shapes between simulated and measured EQE we found a first hint towards
thickness dependent electronic properties affecting the generation/recombination
balance. To address this issue we combined our unique measurement technique, of
measuring quantum efficiency of the devices from ultralow light intensity to more
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than one sun intensity, with sub gap EQE and dedicated electrical rate-equation
model. The results of this analysis indicated that as the thickness is changed, the
densities of both the CT states and of the dark-carrier are changing. Overall, our study
shows that although morphological control is key issue it is not only the donor:
acceptor interface area that is changing but also the interactions across this interface.
Namely, the polycrystalline nature adds another dimension to the optimization
procedure. The reverse bias leakage current in CuPc:C60 based bulk heterojunction
OPD was found to be unaffected by the photoactive layer thickness and HTL stack and
energetics. From these results it appears that reverse charge injection through the
contact is not influencing the leakage current. Leakage current appears to be limited
by the intrinsic property of the active materials.
In Chapter 4, we enlarged the material set and studied their influence on the device
performance. In total, we fabricated five different donor based planar heterojunction
device, and studied their reverse bias leakage current. Obtained results reveal
different level of leakage currents in different donor devices. We found that the
temperature dependent dark J-V alone is insufficient to explain the differences but
still it gives some valuable insight about the processes responsible for leakage current
in heterojunction based OPDs. Sub-gap absorption studies via PDS and sub-gap EQE
measurements reveal level of disorder in different donor materials. The measurement
also reveal new states originating due to interaction between donor and acceptor
materials. We found strong correlation between the density of sub-gap states and
leakage current in different donor/C70 devices. We further show the role of the
donor/acceptor interface by fabricating sandwich devices where the insertion of thin
(10nm) donor material next to the interface has significant impact on the leakage
current. In fact, from the results one may infer that the part of the donor film that
participate in the leakage current generation is limited to the 10nm next to the
junction interface. From the practical point of view, we show that by minimizing the
tail state density, i.e. by using a less electronically-disordered material, leakage
current can be greatly reduced. Finally, by designing the device such that most of the
built in voltage drops across the donor side, an ultralow leakage current of 800 pAcm2

at -1 V for TAPC/C70 is obtained.
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For light detection on top of an opaque substrate, like the CMOS-chip, the organic
photodiode was transformed to a top-absorbing device. This was achieved by
inverting the layer sequence of the photodiode, starting the fabrication with the
already deposited TiN or Al electrode. In Chapter 5, TiN was explored and successfully
implemented as bottom electrode in an inverted top-illuminated OPD. We have
shown that a sandwiched interlayer of N-DMBI doped PCBM is beneficial in improving
the electrical contact between TiN and the active layer (C70). The other beneficial
doping effect in comparison to the undoped layer is loss reduction of photogenerated
carriers at low operating voltages due to much improved electron transport within the
device. The optimized device shows an excellent PD characteristics, having a dark
leakage current of ~0.6 x10-10 A/cm2, detectivity of 7.15 x 1012 Jones at 500 nm, linear
dynamic range close to 140 dB, and negligible in-plane parasitic current at -0.5 V. Its
bandwidth, although limited by the RC, is 388 kHz which is amongst the highest
reported for organic PDs at below -1 V operation. The robustness of the doped PCBM
layer shows remarkable promise for future integration of OPD devices into CMOS
readout circuits and potential application in high-performance large-scale array
imagers.

In Chapter 6, the optimized top illuminated inverted device was integrated with CMOS
substrate and for the first time small molecule based CMOS imager was fabricated.
Characterization of this unique device is still under progress.
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Future Work
Deciphering the details of the leakage mechanism at the junction requires further
studies and advancements in measurement process. For example, ultrasensitive subgap analysis at even longer wavelengths (> 1400nm) might be able to reveal new
absorption features, i.e. presence of deep gap states. Although most of the leakage
current analysis is based on planar heterojunction structure, it still gives necessary
information and starting point for further study. Similar kind of temperature and
intensity dependent study on different donor based bulk-heterojunction might give
some further insights. Rigorous analysis of organic-organic, metal-organic, and HTLorganic interfaces is necessary for the study of interface dipoles and any band bending
within the layers.
Device models that would allow to simulate processes especially 2, 3, and 4 as shown
in (Figure 4.23) might be able to give further insight into the role of tunneling
mechanism on leakage current in heterojunction based OPDs.
As for the spectral sensitivity, it will be interesting to go beyond the absorption edge
of silicon at about 1.0 μm, as no low-cost imagers are available and hence the hybrid
imager can unfold its full potential. It will be a major challenge as very few material
option beyond 1.0 μm are available.
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