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Preface

Organic Semiconductors: Past, Present and Future

Mohan V. Jacob

Reprinted from Electronics. Cite as: Jacob, M.V. Organic Semiconductors: Past, Present and
Future. Electronics 2014, 3, 594-597.

1. Introduction

Organic electronics, such as displays, photovoltaics and electronics circuits and components, offer
several advantages over the conventional inorganic-based electronics because they are inexpensive,
flexible, unbreakable, optically transparent, lightweight and have low power consumption.
In particular, organic displays exhibit high brightness, fast response time, wide viewing angle, and
low operating voltage.

The past few years have seen a significant and rapid growth of research and development of OSC
and Organic Field Effect Transistor (OFET) devices, with promising results [ 1-3] and diverse range
of applications. Organic Field Effect Transistors and Organic Light Emitting Diodes (OLEDs) are
the fundamental electronic building blocks of organic electronic circuits. Every display has millions
of transistors used for switching the pixels on/off. OFETs are used in displays, human-machine
interfaces, electronic artificial skin, and smart digital gadgets. OFETs have been successfully
employed in e-inks. One of the main technological advantages of OFET is that all the layers of an
OFET can be fabricated and patterned at room temperature by a combination of low-cost solution
processing and direct-write printing.

One very exciting prospect of developing devices based on organic materials is the power savings
in OLED displays compared to back-light LCDs and plasma displays. Enhancement in applications
and the miniaturization of electronics has led to the exploration of many advanced materials
including quantum dots [4], organic molecules [5], carbon nanotubes [6], nanowires [7], and single
atoms [8] or molecules [9-12].

2. The Present Issue

This special issue consists of 13 papers especially covering many important topics including seven
reviews in the field of organic semiconductors; Organic Semiconductors [13,14], material fabrication
and properties [15-18], OFET [19,20], Sensor [19], OLED [21,22], solar Cells [23,24], Transport
Property [17], and Bio-organic electronics [25].

The properties of organic material in strong coupling with plasmon, and delocalized and localized
plasmon coupled to aggregated dyes and the material properties in strong coupling is described
in [13]. The design constraints of OLEDs and OPDs required to achieve fully organic electronic
optical bio-detection systems and lab-on-a-chip (LoC) technologies is described in manuscript [14].
The charge transport properties of materials are critical to optimize organic electronic devices.




2

The importance of charge transport layers in the development of inverted bulk heterojunction
polymer solar cells is the focus of [24] and the intrinsic bulk electron-phonon interaction and
the behavior of mobility in the coherent regime of many systems, such as naphthalene, rubrene, and
pentacene, is the focus of [17]. Properties of materials that can be used organic semiconductors are
reported in references [15—18].

An overview of OFET-based biosensors, pressure sensors and e-nose/vapour sensors is presented
in [19]. The charge transport properties of dinaphtho[2,3-5:2',3'-f]thieno[3,2-b]thiophene single
crystals in OFET is studied and its nonmonotonic pressure response is demonstrated [20]. The
review “Emerging Transparent Conducting Electrodes for Organic Light Emitting Diodes” focuses
on the emerging alternative transparent conducting electrodes materials for OLED applications,
including carbon nanotubes, metallic nanowires, conductive polymers, and graphene [21].
Improvement in the lifetime of organic photovoltaic cells by using MoO3 in conjunction with
tris-(8-hydroxyquinoline) aluminum as a cathode buffer layer is analysed [22]. The concept of
bandgap science of organic semiconductor films for use in photovoltaic cells, charge control by
doping and design of the built-in potential based on precisely-evaluated doping parameters is
summarized in the manuscript [23]. The use of electron and hole transport layers in the inverted bulk
heterojunction polymer solar cells is the goal of the article [24].

Bio-electronic devices can be used for developing OLEDs, OFETs and organic solar cells and
such components have many advantages especially the biodegradable property. The potential
opportunities of bio-organic electronics are reviewed in [25].

3. Future

New applications are likely to be in areas of biomedicine, lab-on-a-chip biomedical application,
optics, OFETs, OLEDs, displays, information technology, smartcards/RFID tags, and sensors for
environmental monitoring. The organic electronic devices will be very promising in niche applications,
especially due to the cheap manufacturing cost, flexibility, and ease to integrate with other systems.
OFETs prove to be important in applications ranging from sophisticated medical diagnostics
to “smart” clothes that can display changing images. OFET-based sensors have many advantages
over other types of sensors, such as signal amplification, high sensitivity, ease of fabrication,
and miniaturisation for multisensory arrays. Organic semiconductors can interact with different
chemicals and it is possible to convert the chemical information to electronic information, creating
an “electronic nose”.
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Section I: Organic Semiconductors
Chapter 1

Strong Coupling between Plasmons and
Organic Semiconductors

Joel Bellessa, Clementine Symonds, Julien Laverdant, Jean-Michel Benoit, Jean Claude Plenet
and Stephane Vignoli

Abstract: In this paper we describe the properties of organic material in strong coupling with
plasmon, mainly based on our work in this field of research. The strong coupling modifies the optical
transitions of the structure, and occurs when the interaction between molecules and plasmon prevails
on the damping of the system. We describe the dispersion relation of different plasmonic systems,
delocalized and localized plasmon, coupled to aggregated dyes and the typical properties of these
systems in strong coupling. The modification of the dye emission is also studied. In the second part,
the effect of the microscopic structure of the organics, which can be seen as a disordered film,
is described. As the different molecules couple to the same plasmon mode, an extended coherent
state on several microns is observed.

Reprinted from FElectronics. Cite as: Bellessa, J.; Symonds, C.; Laverdant, J.; Benoit, J.-M.;
Plenet, J.C.; Vignoli, S. Strong Coupling between Plasmons and Organic Semiconductors.
Electronics 2014, 3, 303-313.

1. Introduction

Organic materials have met a growing interest during the past few decades for their various
applications in integrated optics and microelectronic. Many of these materials efficiently interact
with light due to their large oscillator strength [1,2] and their optical properties can be drastically
modified by their environment. In particular, the strong light-matter coupling regime can be reached,
inducing dramatic modifications of the energy transition and dynamic behavior. In this regime the
plasmon-emitter interaction is predominant compared to the damping in the system leading to the
formation of hybrid exciton/plasmon states, associated to an anticrossing of the dispersion lines.

The strong coupling regime with organics has been first demonstrated with microcavities [3].
More recently, polaritons lasing [4] or reversible switching [5] have been evidenced with organics in
strong coupling, paving the way of new applications. Beside the studies in microcavities, organic
materials have been used for the demonstration of strong coupling with surface plasmons [6]. In this
case the molecular excitations interact with surface waves propagating on a metallic interface. The
strong coupling with plasmon has been demonstrated with different types of organics [6—8] and
plasmon geometries: propagating and localized plasmons [9-11].




The organic layers like dye assemblies present a disordered structure at a microscopic scale.
As this structure is smaller than the wavelength, the main properties such as the Rabi splitting can
be understood considering a homogeneous film with an effective absorption and refractive index.
However, a fine analysis of the emission properties requires taking into account the microscopic
structure of the organic layer [12]. The strong coupling modifies the molecules behavior. They are
not independent anymore, and a coherent state mixing the plasmon and excitation of a large number
of molecules is formed. This coherent state induces coherent emission on micron scale [13].

In this paper we describe some properties of organic materials in strong coupling with plasmons.
In a first part the effect of the proximity of a metallic film on the absorption and emission or
J-aggregated dye is described. In the second part of the paper, we show that a dramatic increase of the
interaction energy occurs for localized plasmons resonances coupled to excitons. In a third part, the
influence of the disordered microscopic structure of the plasmons will be studied. We demonstrate
that the strong coupling results in the formation of an extended coherent state, mixing excitations in a
large number of different molecular sites.

2. Strong Coupling between Propagating Plasmons and Organics

The strong coupling between plasmons and excitons occurs when the plasmon-emitter interaction
becomes predominant compared to the damping in the system. The strong coupling leads to
a characteristic anticrossing in the dispersion lines, and to the formation of mixed exciton/plasmon
states, namely polaritons. This regime with delocalized surface plasmons (SPs) has been demonstrated
for different organic materials such as J-aggregated dyes [6,14] or laser dyes [7]. In a first approach
the microscopic structure of the organic layer can be neglected, and the layer can be considered as a
continuous absorbing film. In this part we will give an example of strong coupling with J-aggregated
dyes to extract the main properties of the resulting hybrid states.

To demonstrate strong coupling between SPs and organic excitons, we used
as the active material a J-aggregated cyanine dye (5,5',6,6"-tetrachloro-1,1'-diethyl-3,
3'-di(4-sulfobutyl)-benzimidazolocarbocyanine (TDBC)). This material is well suited for the
observation of strong coupling due to the aggregation of the monomers that occurs when their
concentration in water is sufficient, which induces a redshift and a narrowing of the absorption
band. Figure 1 presents the monomer absorption band of a solution of TDBC diluted in water (i),
as well as the J-band of a solution of aggregated TDBC in water (ii). The J-aggregate absorption
spectrum is characterized by a single, narrow and intense band lying at about 590 nm (2.1 eV). This
band corresponds to the emission of delocalized excitation in the molecular chain, Frenkel excitons.
The same optical behavior is observed for a TDBC layer deposited directly on glass (data not shown).
The samples studied were constituted of a 45 nm thick silver film produced by thermal evaporation
under a pressure of 107" mbar. The active layer (pure TDBC diluted in water) is then spin-coated onto
this stack (see inset of Figure 1).



Figure 1. Absorption spectra of a solution of (i) TDBC monomer (black line) and
(i) TDBC J-aggregates in water (red line). The inset presents the chemical formula of
TDBC and a sketch of a typical sample.
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In order to investigate the interactions between silver SPs and excitons, reflectometry under the
light cone has to be performed. For this purpose, leakage radiation microscopy [15] or reflectivity
in the Kretschmann geometry [16] can be used. The incident light is coupled to the SP mode when
the projection of its wavevector on the silver plane matches the wavevector of the SP located at the
silver-active layer interface, resulting in a lack of the reflection intensity at the SP energy. The
value of the SP wavevector is k= i—ftnpsinﬁ, where 7y is the refractive index of the incident medium

and 0 is the incident angle of the light in the prism. The SP energy depends on its wave vector and
can be changed by modifying the incident light angle, which enables the SP resonance to be tuned
and thus cross the exciton energy.

A typical reflectometry image in leakage radiation microscopy is shown in Figure 2a. In this
configuration k=27ﬂ N.A. where N.A. is the numerical aperture of the incident light and is

proportional to the sine of the incident angle. It has to be noticed that the N.A4. used here is not the
total numerical aperture of the microscope objective but a value characterizing the incident angle of
the illumination. Two dispersion lines can be seen on the image, one at high wavelength and one less
pronounced at lower wavelength. The polariton energies can be calculated using a coupled oscillator

model [17] (plasmon and excitons), Ey;; (k) =(Epl (k) +E0)/2ﬂ: \/ (4/2)? +(Ep,(k)—E0)2/4 where k is

the in-plane wavevector, Ev and Er the energies of the upper and lower polariton states and Eo the
energy of the TDBC exciton. Epi(k) is the non interacting plasmon mode energy, calculated using a
conventional transfer matrix method with thicknesses of 10 nm for the TDBC layer and 50 nm for
the silver film. 4 is given by the interaction energy between the plasmon and exciton, also called
Rabi splitting, and corresponds to the minimum energy separation between the two branches. The
solid white lines in Figure 2a represent the calculated polariton dispersion and the dashed lines the
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bare plasmon and exciton. A good agreement with experimental data is obtained for a Rabi splitting
energy of 300 meV.

Figure 2. (a) Reflectometry and (b) luminescence spectra of a TDBC layer deposited on
a 45 nm silver film, displayed as a function of the wavelength and the numerical aperture
(N.A.). The dashed lines in (a) correspond to the bare plasmon and exciton dispersion,
and the solid lines to the calculated low energy and high energy polaritonic branches.
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Luminescence experiments are then performed by exciting the top side of the sample (the TDBC
side) with a 532 nm diode laser, and by collecting the emitted light trough the silver layer using the
same high numerical aperture objective than for the reflectometry experiment. The recorded image
of the emission dispersion is presented in Figure 2b. On this image, the intense emission band is
clearly related to the emission of the low energy polariton. The emission of the high energy polariton
is however not visible. This effect, already reported in the literature, could possibly be attributed to
the emission of optical phonons between the two polaritonic branches [17] or to nonradiative decay
of the upper polaritonic states towards uncoupled excitonic states [12].

The angle dependence of the polariton energy is more clearly illustrated by the dispersion curves
shown in Figure 3a,b where the calculated energy positions of bare excitons and plasmons are also
presented as a function of the wavevector or the angle, respectively. The experimental data present
a clear anticrossing between the two lines, characteristic of the strong coupling regime occurring
between the SP mode and the TDBC exciton. This strong coupling regime leads to the formation of
mixed Plasmon-exciton states, that is to say the high- and low-energy polaritonic branches. It has to
be noticed that the minimum energy separation between the hybrid states dispersion lines is not the
same if the dispersion energies are shown as a function of the wavevector or the angle (300 meV and
780 meV respectively). The good parameter to qualify the polariton is the wavevector: a plasmon
with a given wavevector creates two hybrid states with the same wavevector. This difference between
curves in angle or wavevector occurs only for the large energy splitting reached for organics and
has not to be taken into account for splitting of a few tens of meV usually obtained for inorganic
semiconductors [18].



Figure 3. Reflectometry dip energy position (open circles) as a function of (a) the
wavevector and (b) the angle. The dashed lines correspond to the calculated bare plasmon
and exciton position, the solid lines to the calculated polaritonic branches.
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In addition to the dispersion lines anticrossing, an inversion of the dip linewidths is associated
with the strong coupling regime [19]. At resonance, the polariton states are formed by an admixture
of equal weight of plasmon and exciton, and the widths of the two peaks should be the same.

3. Strong Coupling with Localized Plasmons

The values of the Rabi splitting measured for delocalized plasmons in strong coupling with
organics reach several hundred of meV. These large values are related to the large oscillator strength
of the organic materials as well as the efficient interaction of plasmon spatially confined around
the interface. This coupling can be enhanced by using localized plasmons, which present higher
spatial confinement of the electric field. This enhanced interaction with localized plasmon has been
evidenced in the weak coupling regime, leading to an increase of luminescence [20], but is also
present in strong coupling [5,21,22]. Different geometries have been used like nanoshells or
nanorods [9,23,24]. Metallic nanodisks (NDs) made by lithography are also good candidates to study
the coupling between organics and localized plasmons [10,25]. The main advantage of lithographed
structures is that the size of the NDs and their environment (other disks and semiconductor) are well
controlled, thereby avoiding a large inhomogeneous broadening of the plasmonic resonances, which
could partially mask the plasmon/exciton hybridization. Furthermore, the lithography technique is
fully compatible with passive plasmonic devices, such as low-attenuation guides or plasmonic nano
cavities developed recently.

In order to study the interaction between localized surface plasmon (LSP) and J-aggregated
dyes, Ag NDs have been elaborated on a glass substrate. For this purpose, circular patterns have
been defined on a resist layer by e-beam lithography. A 60 nm thick silver film was evaporated on
the lithographed structure, and then removed by the lift-off technique hence revealing the silver ND
assemblies on the surface. Each assembly consists of a 200 by 200 um array made of several tens
of thousands of NDs separated by 210 nm side to side. Several arrays, with different ND diameters,
were fabricated in order to tune the LSP resonance energy. The ND sizes range from 100 nm to
210 nm.
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As the localized plasmon resonance can be directly determined with extinction measurements,
transmission experiments were done at room temperature on circular regions (50 pm diameter)
probing around 2 x 10* identical NDs. A pronounced transmission dip is observed for each array,
associated to the ND LSP resonance. When decreasing the ND diameter, this transmission dip
experiences an energy blueshift. Figure 4a shows the experimental variation of the LSP resonance
energy as a function of the ND diameter. Transmission spectra were also simulated with 3D FDTD
calculations using the silver dielectric constant values reported by Johnson et al. [26]. The
calculated spectra are shown in color map in Figure 4a and present an excellent agreement with the
experimental data.

Figure 4. Measured energy of the transmission dips (white circles) as a function of the
disk diameter and 3D FDTD calculated transmission spectra for (a) a bare sample and
(b) a sample covered with a TDBC layer.
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To create hybrid localized plasmons/excitons, an active layer of pure TDBC diluted in water
was spin coated onto the whole sample surface. The transmission spectra for this sample show
two resonances whose energy positions are dependent of the disk diameter, which is summarized
in Figure 4b. A clear anticrossing behavior can be observed in this plot, which is the signature
of localized plasmon-exciton strong coupling. For a given disk size, each resonance can thus be
associated to a plasmon/exciton mixed state. This result is confirmed by the transmission spectra
calculated by 3D FDTD, in which a dye layer of total thickness 22.5 nm has been considered.
The calculated and the experimental values are again in excellent agreement. The non dispersive
transmission dip lying around 2.1 eV corresponds to the absorption of the uncoupled exciton,
originating from the regions between the NDs in which the TDBC cannot interact with the LSP.
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From Figure 4a, it can be seen that for ND diameter of about 150 nm the bare plasmon resonance
lies at the same energy that the one of the uncoupled excitonic absorption. The minimum energy
splitting between the mixed states is obtained for the same ND size in Figure 4b, leading to an
estimated Rabi splitting of 450 meV [10]. This value amounts to 20% of the transition energy and
metal nanodisks can be considered as a model system to study very strong interaction between a
single electromagnetic mode and an optically active medium [27,28].

4. Influence of Microscopic Disorder of Organics and Plasmon Induced Coherence

In the previous description of the strong coupling regime with organics, the microscopic structure
of the organics was not taken into account. From a microscopic point of view, the organic films are
formed by an ensemble of localized independent emitters which can be seen as point dipoles as their
size is several orders of magnitude smaller than the wavelength.

The molecular film differs from inorganic semiconductor quantum wells as the in plane
wavevector is not conserved in absorption-reemission, which is the case for semiconductor quantum
wells (excitons center of mass wavevector equals in-plane photon wavevector). The question which
arises is how the coherent absorption/reemission, in other word the Rabi oscillation associated to
the strong coupling regime, occurs; or how a dispersive plasmon can hybridize with non-dispersive
molecules to form dispersive hybrid states. This problem has been addressed by Agranovich et al. [12].
They have shown that a coherent state over a large number of molecules is formed in strong coupling
regime. The plasmon/excitons hybrid state is a quantum superposition of a photon and excitations on
a large number of molecular sites. The extension of the states is directly correlated to the disorder in
the organic film and to the losses of the propagating plasmon. From an experimental point of view,
the dependence of the Rabi splitting on the concentration of emitters is a good indication of collective
effects; however, the coherence of spatially remote emitters induced by hybridization with a plasmon
can also be directly observed [13].

To clearly separate the effect of the plasmon/exciton hybridization from the extension only
associated with the plasmon propagation, samples in strong and weak coupling were compared.
The active layer of the first sample (sample A) contains a continuous layer of CdSe quantum dots in
weak coupling regime (a crossing between plasmon and excitons appears in reflectometry images).
The second sample (sample B) contains a TDBC layer on silver and is similar as the sample
described in the part 2 (Rabi splitting 300 meV).

To evidence the formation of the extended state mixing a plasmon and excitation of different
molecules, coherence experiments using Young slits have been performed. The leakage radiation
(LR) microscopy setup already mentioned in part 2 is detailed in Figure 5. The sample is excited with
a non-resonant laser at 532 nm. The emission is collected through an immersion oil microscope
objective (N.4. = 1.49) and imaged on a CCD camera. On a direct image of the surface, the directions
of propagation can be selected by inserting beam block in the Fourier plane of the objective [29]
collecting either all the propagating directions (kttal configuration) or solely the upward propagation
as shown in the inset in Figure 5 (kup configuration). To analyze the coherence of the emission,
two Young slits can be inserted in an intermediate image plane of the sample and select the emission
from two regions of the sample separated by a distance of 2 um.
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Figure 5. Sketch of the leakage radiation microscopy setup. BB denotes the position of
the removable beam block, FP the Fourier plane, FL the Fourier lens, and IT the
intermediate image plane of the sample surface in which are inserted the Young’s slits.
The black line labeled 1 is devoted to dispersion measurements, and the red line labeled 2
to coherence measurements.

< >

4
N
<+

@ : Dispersion measurements

@ : Coherence measurements

Direct images of the emission as well as the corresponding interference patterns are shown on the
left and right side of the panels of Figure 6a—d. A focalized excitation is used corresponding to the
white spot at the center of the direct images, which is smaller than the distance between the Young
slits (dashed red rectangles). For the sample A in weak coupling regime an upward and downward
propagation appear in the direct Image 6a and only an upward propagation in Figure 6b where
a Fourier beam block was used. This agrees with a mechanism where each emitter in the excitation
spot couples independently to plasmons propagating upwards and downwards in Figure 6a and only
upward in Figure 6b. The corresponding interference patterns do not show any fringes, related to the
incoherent emission of the different emitters.

The system in strong coupling regime corresponds to the panels Figure 6¢ and Figure 6d. The
shape of the emission in direct images is now similar with Figure 6¢ and without Figure 6d Fourier
filtering. This shows that the emission observed cannot be interpreted as a sum of emission of
independent molecules coupled to propagating plasmons. In the interference pattern, clear fringes are
present showing a coherent emission over all the luminescence spot. These results show a clear
collective behavior, and evidence the formation of a coherent state extended on several microns [13].
In this case the excitation directly relaxes in the extended state with a given wavevector, explaining
the large coherent emission spot observed in Figure 6d.
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Figure 6. Direct imaging of the surface leakage radiation together with the associated
interference pattern recorded for two samples: CdSe nanocrystals in weak coupling with
the surface plasmon recorded in (a) kit and (b) kup detection configuration; TDBC
in strong coupling regime with the surface plasmon recorded in (¢) kiotat and (d) kup
detection configuration.
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5. Conclusions

Organic structures are particularly well suited for the study of the strong coupling with surface
plasmons, due to their high oscillator strength. This strong coupling modifies the absorption and
emission energies, associated with the formation of hybrid plasmon/excitons states. The detection
of the dispersion relation allows a direct determination of the interaction energy and the oscillator
strength in these structures. The strong coupling with plasmon couples the different molecules deposited
on a metal surface, coupling which leads to a coherent emission over several microns. This coherence
can be used for energy transfer mediated by plasmon on a micrometer scale.
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Chapter 2

Integration of Organic Light Emitting Diodes and Organic
Photodetectors for Lab-on-a-Chip Bio-Detection Systems

Graeme Williams, Christopher Backhouse and Hany Aziz

Abstract: The rapid development of microfluidics and lab-on-a-chip (LoC) technologies have
allowed for the efficient separation and manipulation of various biomaterials, including many
diagnostically relevant species. Organic electronics have similarly enjoyed a great deal of research,
resulting in tiny, highly efficient, wavelength-selective organic light-emitting diodes (OLEDs) and
organic photodetectors (OPDs). We consider the blend of these technologies for rapid detection
and diagnosis of biological species. In the ideal system, optically active or fluorescently labelled
biological species can be probed via light emission from OLEDs, and their subsequent light emission
can be detected with OPDs. The relatively low cost and simple fabrication of the organic electronic
devices suggests the possibility of disposable test arrays. Further, with full integration, the finalized
system can be miniaturized and made simple to use. In this review, we consider the design
constraints of OLEDs and OPDs required to achieve fully organic electronic optical bio-detection
systems. Current approaches to integrated LoC optical sensing are first discussed. Fully realized
OLED- and OPD-specific photoluminescence detection systems from literature are then examined,
with a specific focus on their ultimate limits of detection. The review highlights the enormous
potential in OLEDs and OPDs for integrated optical sensing, and notes the key avenues of research
for cheap and powerful LoC bio-detection systems.

Reprinted from Electronics. Cite as: Williams, G.; Backhouse, C.; Aziz, H. Integration of Organic
Light Emitting Diodes and Organic Photodetectors for Lab-on-a-Chip Bio-Detection Systems.
Electronics 2014, 3, 43-75.

1. Introduction

Substantial research efforts have been dedicated to the development of lab-on-a-chip (LoC)
technologies, which have matured in parallel with the many advances in the field of microfluidics.
LoC offers a miniaturized platform for sample processing and can be used to perform numerous life
sciences analyses. The labour intensive steps associated with common detection and biomaterial
processing schemes (for example, detection and isolation of specific DNA strands, antibodies or
pathogens) can be feasibly simplified to a one-step sample injection into a microfluidic well. The
appeal of LoC is thus a combination of the following: a reduction in user error, a decrease in
materials/sample usage, fast and low cost analysis, and potential automation of routine techniques.

While there have been numerous breakthroughs in the microfluidics of LoC bio-detection
systems [1-3], much of the detection methodologies still rely on external lab-scale systems.
However, there is a strong desire for completely portable LoC systems for point-of-care
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applications. Given its high degree of sensitivity, many groups have sought to integrate
fluorescence/photoluminescence (PL) detection techniques into LoC. In the current review, we
examine LoC PL-based detection schemes that use organic light emitting diodes (OLEDs) as an
excitation source and/or organic photodiodes (OPDs) as a means of detection.

Since OLEDs and OPDs are comprised of thin films deposited by low temperature techniques,
they can be easily integrated with most polymer/plastic microfluidic systems (for example, by
depositing on the backside of a polydimethylsiloxane (PDMS) microfluidic channel). The capability
to fabricate miniaturized OLED pixels is also ideal for LoC, where the microchannel size can be on
the order of an individual pixel size [4,5]. Further, the emission and absorption peaks of OLEDs and
OPDs respectively are easily tunable—dependent on the choice of small molecule or polymer—so
these organic electronic devices are excellent candidates for more advanced detection systems, such
as multiplexed immunoassays using multiple PL peaks. This review is organized as follows: the
common OLED and OPD device structures, as well as their principles of operation, are discussed in
Section 2. Notable developments in optical excitation and detection methods for non-OLED/OPD
LoC technologies are detailed in Section 3, highlighting the potential advantages of OLED and OPD
integration. Integrated systems employing OLEDs and/or OPDs in LoC technologies will then be
addressed in Section 4.

2. Operation Principles of Organic Light Emitting Diodes and Organic Photodetectors

Organic electronic devices employ highly conjugated organic species that are divided into
two material subsets: small molecules and polymers. In terms of their implementation, small
molecule species are historically insoluble and are thus commonly vacuum-deposited by thermal
evaporation techniques. In contrast, polymer materials are more easily synthesized to be soluble
in common organic solvents. As an addendum to this point, while they are difficult to
synthesize, soluble small molecules are feasible and have recently become the subject of intense
research [6—8]. Some of the earliest and most studied OLED materials include tris(quinolinolate)
Al (Alqgs) and 4,4'-bis[ N-(1-naphthyl)-N-phenylamino]biphenyl (NPB/NPD) for small molecule
devices [9,10], and poly(p-phenylene vinylene) (PPV) derivatives for polymer devices [11].
As a point of note, Alqs films electroluminesce with a peak wavelength of 530 nm, whereas
poly[2-methoxy-5-(2'-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV), a common PPV derivative,
emits at 600 nm with a shoulder emission at 640 nm. As an excitation source for LoC applications,
the OLED’s peak emission must be chosen appropriately to excite the known fluorophore without
substantially overlapping the detector’s absorption spectrum. From a fabrication standpoint, this is
simple to envision, as there now exist OLED materials with peak emission over the entire visible
spectrum—in fact, Algs on its own can be tailored to emit over most of the visible spectrum [12]. To
this end, the position of each organic material’s absorption and emission peak is fundamentally
related to its chemical structure (especially its degree of conjugation), which can be altered during
its synthesis.

Early and common OPD materials include copper phthalocyanine (CuPc),
3.,4,9,10-perylenetetracarboxylic bis-benzimidazole (PTCBI) and fullerene (Ceo) for small molecule
OPDs [11], and MEH-PPV and 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)Cs1 (PCBM) for
polymer OPDs [13]. In OPDs, the hole transport layer and electron transport layer are commonly
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referred to as the donor and acceptor respectively, in light of their typical roles in the device (where
the donor “donates” a free electron to the acceptor). The donor and acceptor are commonly mixed
together to form a bulk heterojunction (BHJ). In principle, simple OPDs have the same structure
as organic solar cells (OSCs)—the difference lies in their mode of operation, where OPDs can be
negatively biased to enhance free carrier transport. It is therefore logical that many polymer-based
OPDs now make use of the ubiquitous poly3-hexylthiophene (P3HT):PCBM BHJ, which is famous
for its use in OSCs [14]. Since OPDs are largely adapted from OSC technologies, they absorb
strongly over most of the visible spectrum—for example, P3HT:PCBM OPDs generate substantial
photocurrent between 350 nm and 650 nm. For LoC applications, the peak absorption of the OPD
should correspond well with the fluorophore’s emission spectrum, but it should ideally not overlap
with the emission from the excitation source.

[llustrations of the general device structures and energy level diagrams of an OLED, a simple
bilayer OPD and a mixed layer/BHJ OPD are provided in Figure 1A—C respectively. Each device
comprises an electron transport layer (ETL, or an acceptor in the OPD) and a hole transport layer
(HTL, or a donor in the OPD), and the OLED may have an additional emissive layer (EML). Note
that the energy levels of the metal and ITO layers are their work functions, whereas the energy levels
of the organic layers are their highest occupied molecular orbitals (HOMOs) and lowest occupied
molecular orbitals (LUMOs). In an even simpler incarnation of the OLED device—the bilayer
OLED—either the hole transport layer or the electron transport layer may serve a dual role as
the emissive layer. A simple example of this is the ITO/NPB/Alq3/MgAg bilayer OLED. Devices
may also make use of additional hole injection/extraction layers (HILs, HELs) and electron
injection/extraction layers (EILs, EELs). These are not illustrated in the energy level diagrams, but
they are typically few-nm layers (e.g., 5 nm MoOs3, 1 nm LiF) used to adjust the electrode work
functions and/or to provide enhanced device stability [15-17].

Figure 1. Illustration of the common device structures and associated energy level
diagrams for a(n) (A) organic light emitting diode (B) bilayer organic photodetector
(C) bulk heterojunction organic photodetector.
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As illustrated in Figure 1A, OLED devices operate as follows:

- A negative bias is applied to the cathode/a positive bias is applied to the anode

- A hole is injected (either by thermionic or field emission) into the HTL and an electron is
similarly injected into the ETL

- The electron and hole meet in the EML, form an exciton (denoted as *|), and recombine to
emit a photon with energy hv, proportional to the energy gap of the emissive layer.

OPDs operate in approximately the reverse manner, as illustrated in Figure 1B,C, where a photon
generates an exciton that is dissociated at a donor-acceptor interface. The specific operation of the
OPD is as follows:

- A negative bias is applied to the anode/a positive bias is applied to the cathode
- A photon is absorbed by either the donor or acceptor material (in Figure 1, the photon is
absorbed by the donor material) to generate an exciton (denoted as *|)

o the exciton traverses to the donor/acceptor interface to dissociate into its constituent
electron and hole

- The electrons and holes travel along the ETL and HTL to be collected at the cathode and
anode respectively.

One of the main limitations to OPD efficiency in the simple bilayer device is the diffusion of
the exciton from its point of excitation to the donor/acceptor interface (i.e., before the exciton
undergoes recombination). The BHJ architecture serves to minimize exciton diffusion length with an
interpenetrating network of donor and acceptor, granting a large number of donor/acceptor interfaces
throughout the entire device structure. Unfortunately, this architecture also serves to substantially
increase the OPD leakage current since holes can be injected directly from the cathode to the donor
HOMO and electrons can be injected directly from the anode to the acceptor LUMO. This effect,
however, is avoidable by using a BHJ bordered by neat donor and acceptor layers, referred to as the
planar-mixed molecular heterojunction (PM-HJ) [18]. Alternatively, this effect can be minimized
through use of carrier-selective extraction layers [19].

The majority of organic electronics research to date has focused on optimization of device
performance. For OLEDs, this implies high brightness values through high external quantum
efficiencies, with a focus on phosphorescent OLEDs that can show substantial efficiency improvements
compared to their fluorescent counter-parts due to electron/hole spin statistics [20]. For OPDs, this
implies high “on-off” ratios and, similarly, high external quantum efficiencies, which has been
largely addressed with the design of intelligent device architectures [11]. For LoC applications, other
critical and less researched device optimizations must also be addressed, such as reducing the full
width at half maximum (FWHM) of the OLED emission, and identifying new materials systems for
OPDs with narrow regions of absorption. Both efforts should serve to reduce the system dark noise
by decreasing light leakage from the excitation source to the detector, ultimately allowing for better
detection limits. A final consideration for the use of OLED or OPD detection systems in commercial
LoC applications relates to the stabilities of the organic optical elements. However, with proven
manufacturability of both OLEDs and OSCs from companies such as Samsung and Heliatek, as well
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as a demonstrated potential for extremely long device lifetimes [21,22], it is clear that both OLEDs
and OPDs have promise for use in point-of-care LoC systems.

3. Early Integration of Optical Excitation and Detection into Lab-on-a-Chip

The vast majority of LoC research to date has been dedicated to finer manipulation of relevant
biological species through smart microfluidics. Comprehensive reviews on this particular topic have
been presented elsewhere [1-3,23-26]. The culmination of this work is a portfolio of tried and
proven microfluidic channels, with a strong understanding of their fabrication methodologies. These
channels are generally integrated with larger lab-scale excitation/detection systems. With a greater
competency in the control of various biological species, many researchers have now shifted their
focus toward integration of these channels with optical manipulation and detection techniques [27-30].
Consider a lab-scale laser-induced fluorescence (LIF) detection setup as it may be incorporated with
a microfluidic system, illustrated in Figure 2, and for which numerous research articles have been
published [31-34]. In the setup illustrated in Figure 2, the biological species of interest first flow
through a microfluidic channel to the relevant point of detection. These species are excited by a blue
laser that is focused onto the channel using mirrors and objective lenses. As the excited species relax
they emit green light, which is captured by a collection lens, collimated, filtered and routed to a
photomultiplier tube (PMT). Some enhancements to this system have been proposed, such as the
inclusion of microlenses or wavelength-selective optical waveguides for fine control of the excitation
or emitted light [35,36]. While these enhancements allow one to probe multiple channels simultaneously,
they also greatly complicate device fabrication.

Figure 2. Example laser-induced fluorescence setup when integrated with a microfluidic
system for detection of biological species labelled with a fluorescent dye. Figure re-used
from Ref. [32] with permission, copyright 2006 American Chemical Society.
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The inherent difficulty with these systems is immediately apparent: each system requires
complicated and costly optics for excitation and subsequent photoluminescence detection. Beyond
the large size of such a set-up, these systems are extremely sensitive to variations in the positioning
of the optical components. Fu ef al. studied the optimal laser-detector orientation, finding that a 45°
light collection angle to the direction of flow (and 90° to the excitation source, as illustrated in Figure 2)
offered the best signal to noise ratio (SNR) [32]. While these systems provide impressive results, it is
much more desirable to implement the miniaturized LoC technologies with, similarly, miniaturized
test platforms. It is worth noting that the adjacent field of optofluidics, which marries optical probing
techniques and associated optical phenomena with microfluidics, provides some hints as to how
these test platforms may be constructed [37,38]. For example, Gersborg-Hansen and Kristensen
developed distributed feedback (DFB) lasers based on third-order Bragg gratings, which also acted
as microfluidic channels for their chosen laser dyes [39]. Such a system thus incorporates many of
the core aspects of an OLED-/OPD-based LoC system, such as photon generation from organic
species and subsequent photon waveguiding.

As a means to better appreciate the advantages of OLED- and OPD-based excitation/detection
systems, it is useful to examine current integration schemes that do not employ OLEDs or OPDs.
One of the most notable approaches makes use of optical fibres to either route the excitation light to
the analyte, or to extract the emitted light from the fluorophore. For example, Chabinyc et al.
developed a miniaturized test platform where excitation light is fed through optical fibre to PDMS
microchannels [40]. Their approach is further unique as it makes use of a micro-avalanche
photodiode (LAPD), which is encapsulated in PDMS and placed directly underneath microfluidic
channels. Since the HAPD is in such close proximity to the fluorophore, lenses and concentrators are
not required. Using this approach, Chabinyc et al. were able to detect a minimum concentration
of 25 nM fluorescein, and they were able to separate and detect proteins by capillary zone
electrophoresis. The main limitation to this approach is the complexity in device fabrication,
especially in consideration of the fragile pAPDs and of the difficulty in optical fibre alignment.
OLEDs and OPDs may offer a solution to this problem as they can be deposited adjacent to the
microchannel and thus do not require any direct physical alignment or manipulation.

Irawan and coworkers also pursued a fibre-coupling scheme to microfluidic devices with some
success [33,41,42]. In their preliminary work, the authors made use of a poly(methyl methacrylate)
(PMMA) optical fibre and lamination methods to couple blue LED excitation light to their
microchannels [41]. Combined with a charge-coupled device (CCD) detector (including relevant
filters, lenses and pinhole masks), the researchers managed to detect fluorescein at concentrations of
~3 nM. Irawan et al. later improved upon this work, implementing groove-cut PMMA optical fibres
to allow for emission from several points along the fibre [33]. As shown in Figure 3, this allows for
integration of the fibre into a multi-channel microfluidic device. This research resulted in detection
of 30 pM of fluorescein.
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Figure 3. (A) Illustration of the groove-cut optic fibre excitation methodology for PL
detection in lab-on-a-chip applications. (B) SEM micrograph of the groove-cut optic fibre.
Figures re-used from Ref.’s [33,42] with permission, copyright 2007/2009 Springer.
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Numerous other approaches to couple light into and out of microfluidic channels have been tested.
For example, in order to bypass the difficulty of integrating optical fibres into LoC microfluidics,
Seo and Lee instead used 2D-patterned microlenses to couple blue LED excitation light into their
microchannels [43]. This follows the work of Roulet and coworkers noted earlier [35], but with a
much simpler implementation and without the need for a laser excitation source. Mazurczyk et al.
fabricated channel optical waveguides with the use of an ion exchange technique in soda lime glass
substrates to achieve efficient coupling of light into their microchannels [44]. Instead of coupling
light to the microfluidic channels directly, Novak and coworkers aimed to miniaturize the testing
platform, effectively achieving a fluorescein detection limit of ~2 nM [45]; however, this approach
still requires costly filters and lenses. Ryu et al. followed a similar approach, but removed the lenses
and used (relatively cheap) dye coated colour filters and linear/reflective polarizers to improve
SNR [46], ultimately granting a fluorescein detection limit of ~3 nM. The use of polarizers in LoC
systems is a relatively cheap and effective method to remove excitation light before it reaches the
detector. This method relies on the placement of orthogonally oriented linear polarizers at both the
excitation source and the detector. To this end, linearly polarized light from the excitation source
interacts with the fluorescent analyte, resulting in the emission of non-polarized light. While the
non-polarized light can pass the second polarizer to reach the detector, the excitation light is blocked
due to its orthogonal polarization.

The common theme in all attempts to integrate PL sensing with LoC is the difficulty associated
with in-coupling the excitation light and out-coupling the emitted light. In order to achieve a high
SNR and a high limit of detection, the intensity of light impingent on the fluorophores must be high.
This allows for measurable signals even from highly dilute species. Furthermore, a significant
portion of light emitted from the fluorophore must subsequently reach the detector. While the LoC
systems studied in this section offer creative and effective methods for light incoupling and outcoupling,
these methods largely rely on complicated and, ultimately, costly extra microchannel fabrication
steps. For manufacturability, system compatibility and overall simplicity in LoC bio-detection systems,
it behooves us to examine easily implementable and more modular designs. In this manner the
microfluidics can be fabricated first and then subsequently married to the optimized optical excitation
and detection schemes. OLEDs and OPDs may prove to satisfy this requirement, as they can be
deposited directly on already-fabricated microchannels, or they may easily be fabricated on separate
substrates that can be bonded to PDMS microchannels.
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4. Integrated Organic Light Emitting Diode and Organic Photodetector
Lab-on-a-Chip Systems

The appeal of OLEDs and OPDs for LoC stems from their potential ease of integration. As briefly
discussed in Section 2, the most costly aspects of a PL detection system are generally associated with
the optics required to have strong excitation output powers and high collection efficiencies. By
placing the excitation source and the detector adjacent to the microchannels of interest, one may
potentially eliminate the need for lenses, for detectors with internal gain (APDs or PMTs) and for
strict alignment. This shifts this technology’s realm of applicability from the lab-scale environment
to a miniaturized, modular, point-of-care sensing platform.

OLEDs and OPDs, however, are not unique in their ease of linking to adjacent pre-fabricated
microchannels. For example, there has been some success making use of hydrogenated amorphous
silicon (a-Si:H) photodetectors toward the same goal [47,48]. In this regard, both a-Si:H and organics
can be deposited in low temperature environments and can be deposited on top of common
microfluidic materials (for example, PDMS). As such, OLEDs, OPDs and a-Si:H PDs can all can be
optimized separately and joined to the microfluidics in a modular fashion. Further, all technologies
can be miniaturized into individual pixels for sensor array applications. However, OPDs have
an added benefit over a-Si:H PDs, as their absorption spectra can be tuned by the use of different
organic materials. Combined with the tunable OLED emission spectra, OLED-OPD-LoC systems
could feasibly be used to sense multiple PL peaks from different biological species within the
same microchannel.

A critical limitation toward integrated PL sensing in any LoC system is the requirement for low
noise and thus high SNR. For an OLED-OPD-LoC system, given the proximity of the OLED to the
OPD, detection of the OLED excitation light by the OPD can be a significant contribution to noise.
There exist several nascent techniques that may be used to minimize or even eliminate this problem.
One may:

- use micro-cavity effects (with a semi-reflective anode instead of the transparent anode
shown in Figure 1) or distributed Bragg reflectors (DBRs) to substantially narrow the
FWHM of the OLED emission peak and remove tail-end emission

o See, for example, [49,50] for micro-cavities based on metal mirror electrodes and [51]
for micro-cavities based on dielectric quarter-wave stack (QWS) mirrors.

- operate the OLED in pulsed mode and exploit differences in electroluminescence (EL)
response/decay time versus the fluorophore PL response/decay time

o If the OLED and the fluorophore are selected appropriately, it may be feasible to offset
the OLED’s emission and the OPD’s detection.

o In some cases, high current pulse operation has allowed for very high brightness values
in OLEDs, which may further enhance PL [52].

- use clever design techniques to minimize the excitation light coupled into the OPD
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o For example, see Figure 4, which is a suggested back-detection device and is
discussed further below. Shinar and coworkers used a much simpler implementation of a
back-detection device (with a PMT detector and with no efforts to block or shield
excitation light) to some success for their oxygen sensors [53-57].

- incorporate thin film absorbers or polarizers (e.g., following work by Ryu et al. [46])

o While these techniques are the simplest, they also serve to substantially decrease the
intensity of the PL signal. They may therefore not be suitable to adequately reduce noise and
to provide competitive SNR values that can compete with present lab-scale LIF systems.

o To minimize the number of components required in the LoC system, it may be feasible
to employ excitation sources that emit polarized light without the use of linear polarizers.
Such excitation sources have recently been demonstrated with polymer emitting nanofibres,
showing the potential for electrical excitation (when incorporated in polymer OLED-like
devices) [58], as well as demonstrating reasonable integration into microfluidic
systems [59].

Figure 4. Illustration of the structural layout of a potential back-detection OLED-OPD
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For the back-detection geometry shown in Figure 4, the OLED and OPD are fabricated on the

same substrate, which can greatly simplify the fabrication process, and they are separated by opaque
spacers. The OLEDs emit green light that interacts with the fluorophore to emit red light as detected by
the OPD. By making use of a strongly absorbing backing and black cathodes (see, for example, [60,61])
one may minimize the amount of stray OLED light that reaches the OPD—essentially limiting it to
partial reflections and waveguided light.

4.1. Organic Light Emitting Diode-Integrated Lab-on-a-Chip Systems

A summary of the LoC systems employing an OLED excitation source are provided in Table 1
(note: instead of an OLED, ref. [62] uses an organic semiconductor laser). The results have been
grouped together by their specific application, which coincides with specific research groups/principal
investigators. The intended applications of the various LoC systems in Table 1, and thus the analytes
of interest, vary among the different research groups. As such, cross-comparisons on the efficacy of
each system are difficult, and so both the analyte and the sensor’s dynamic range are listed. For the
cases where a dynamic range is not explicitly listed, values have been ascertained from figures within
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the publications. For entries with multiple publications, the best dynamic range from the group of

publications is listed.

Table 1. Summary of lab-on-a-chip systems with OLED excitation sources.

Application Micro-Fluidic OLED Details Detector Analyte Dynamic Range Ref.
ITO/0-NPD/Algs/LiF/Al
PDMS
Dye conc PL ITO/0-NPD/ CCD w/fibre RhB 5-100 uM [63,64]
channel
Alqs:C6/Alqs/LiF/Al
ITO/CuPc/a-NPD/ glucose, lactate,
0.02-0.3 mM
DPVBIi/Alqs/CsF/Al ethanol
film
ITO/CuPc/a-NPD/ PMT, Si PD +
Multi-analyte conc  PLq  (non-MF), PP 0O, 0%—-100% [53-57,65]
Alqgs/CsF/Al pre-amp
channel
ITO/CuPc/NPD/Alg;:C5
dissolved O, 2-40 ppm
45T/Alqs/LiF/Al
etched glass, ITO/PEDOT:PSS/ PMT, Si APD fluorescein 1 uM—10 mM
EP sep’n, immune
PL PDMS (PF or PPV emitter) w/filter, lens, [66,67]
assay HSA 10-100 mg/L
channel /LiF/Al fibre
ITO/NPB/Alqgs/ rhodamine 6G,
PMT, 50-700 uM
PDMS Mg:Ag/Ag Alexa Fluor 532
Dye conc, IEF PL CCD w/filter, [68-70]
channel commercial AM-OLED 38 ng/mL
lens R-phyco-erythrin
array —50 pg/mL
etched glass, TAMRA 10-100 uM
Dye conc, ITO/CuPc/a- p-i-n,
PL PDMS [71,72]
immune assay NPD/Alqs/LiF/Al ptn PD Rh6G 1-100 pM
channel
ethanol,
Analyte conc v droplet ITO/TPD/Algs/Al N/A 10-1E3 ppm [73]
methanol
PDMS AZO/PEDOT:PSS/ sulforho-damine
Dye conc PL spectro-meter N/A [74]
channel PDY-132/Alqs/Ag 101
ITO/TPD/ resorufin 7.8-80 uM
Dye conc, PDMS linear CCD
PL CBP:Ir(ppy)s/Bphen/ [75]
immuno assay channel w/filter IgA 17-100 ng/mL
Algs/Mg:Ag/Ag
Alg;:DCM on DFB
PMMA spectro-meter fluoro-spheres,
Dye conc PL gratings, pumped N/A [62]
channel w/filter, lens Alexa 647
w/UV laser
Dye conc, ITO/PEDOT:PSS/ Alexa 430 156-1E4 pg
PL droplet CCD w/filter [76]
immuno assay o-NPB/PBD/LiF/Al hTQG2 antigen 200-5E3 pg

Hofmann and coworkers studied a spincoated PPV-based polymer OLED (500 to 700 nm
emission) as an excitation source [67]. The light from the OLED was focused onto a patterned PDMS
microchannel using a biconvex lens, allowing for PL detection of labelled urinary human serum
albumin (HSA) by a CCD spectrometer. Their efforts allowed for HSA detection from 10 to 100 mg/L.
Scholer et al. also investigated the use of a polymer OLED as an excitation source for LoC, but they
instead used Super Yellow (PDY-132) as their polymer emitter. Combined with a spectrometer
detector, they were able to successfully test for the presence of sulforhodamine 101 [74]. Instead of
using polymer OLEDs, Camou et al. examined a ~530-nm emitting small molecule OLED excitation
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source deposited on a glass substrate and bonded back-to-back to a PDMS microchannel for
detection of Rhodamine B [63,64]. This simpler approach removed the need for a focusing
lens. Their OLED had the structure ITO/N,N'-di(alpha-naphthyl)-N,N'-diphenyl-1,
I'-biphenyl-4,4'-diamine (a-NPD) (HTL)/Algs (ETL & EML)/LiF (EIL)/Al. The researchers also
used an optical fibre to route their fluorescent dye’s emitted light to a CCD detector. The fibre was
slid into a channel formed in the PDMS directly adjacent to the microchannel. Camou and coworkers
were able to detect 10 uM solutions of Rhodamine B visually, and 50 uM solutions by the CCD detector.

Marcello and coworkers employed a similar OLED structure, but replaced the Alqs ETL with
2-(4-biphenyl)-5-(4-t-butylphenyl)-1,3,4-oxadiazole (PBD), which allows for blue light emission
from a-NPD. They further chose a fluorophore, Alexa Fluor 430, which has a large Stokes shift
(>100 nm), allowing for simpler removal of the excitation signal from their CCD detector. In spite
of this deliberate design choice, their test array still required the use of a bandpass filter, thus
highlighting the need for further system alterations, such as back-detection device geometries, that
reduce the amount of excitation light that reaches the detector. Their system was shown to be capable
of detecting 156 pg of Alexa 430 per droplet of solution, and the researchers extended their LoC
system to an indirect antibody assay to detect 200 pg of hTG2 with good specificity.

Choudhury, Shinar and Shinar also investigated patterned blue OLED pixels as their excitation
source [55]. EL was from 4,4'-bis(2,2'-diphenylvinyl)-1,1'-biphenyl (DPVBI) incorporated into
the device: ITO/CuPc (HIL)/a-NPD (HTL)/DPVBi (EML)/Alqgs (ETL)/CsF (EIL)/Al. They also
examined green-emitting devices by replacing the DPVBi EML with Algs, effectively extending
the Algs ETL already present. 2 mm by 2 mm emitting pixels were formed in a passive matrix by
the cross-hatch of patterned ITO and Al strips. Similar to the approach by Camou et al. [63,64], the
OLED was fabricated on a glass substrate and bonded to the patterned PDMS microchannels.
Choudhury and coworkers used their OLED-microchannel setup for the detection of glucose
by dissolving glucose oxidase (GOx) in solution with an oxygen-sensitive dye. For blue-emitting
OLEDs, tris(4,7-diphenyl-1,10-phenanthroline) Ru chloride (Ru(dpp)) was used, while Pt
octaethylporphyrin (PtOEP) was used with the green-emitting OLEDs. At a certain oxygen
concentration, PL of the dyes is largely quenched. However, the presence of glucose in the microfluidic
channel results in its enzymatic oxidation by GOx and a local reduction in oxygen content. The
decrease in oxygen content reduces the quenching of the dye, enabling it to emit, and thus allowing
for the highly sensitive detection of glucose.

Cai and Vengasandra et al. of the same research group expanded upon this work to test for alcohol
and lactate in addition to glucose with alcohol oxidase (AOx) and lactate oxidase (LOx) [56,57,65].
Some key data from this work is shown in Figure 5. The yellow-orange emission is due to the
combined emission from the Alqs OLED as well at the PtOEP dye. As a point of interest, the EL
decay time of the presently examined OLEDs is ~30-100 ns, while the decay time of Ru(dpp) PL is
~0.3 to 8 us and that of PtOEP is on the order of ~100 ps. As noted previously, this difference in EL
vs. PL decay time can be used to vastly improve SNR by offsetting the excitation and the detection.
This system is thus ideal for PL lifetime measurements, which are illustrated in the sub-panels
of Figure 5. The decay time of the photoluminescence for each species relates to its concentration
by use of a modified Stern-Volmer equation. For the experiment shown in Figure 5, liquid or sol-gel
samples containing the relevant biological species were deposited into wells containing a
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pre-deposited polystyrene(PS):PtOEP or PS:TiO2:PtOEP film. This is in contrast to earlier work [55],
where the dye was simply mixed into the sample solution. Furthermore, when the PS:TiO2:PtOEP
film is used without the deposited analyte, it was shown to be capable of Oz gas sensing from 0% to
100% oxygen content.

Figure 5. Structurally integrated OLED sensor for loc sensing of oxygen, glucose,
alcohol and lactate, with associated photoluminescence decay graphs. Figure re-used
from Ref. [56] with permission, copyright 2008 Elsevier B. V.
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Edel et al. pursued a PL-sensing LoC with microchannels etched in glass and a spincoated,
blue-emitting fluoropolymer OLED as an excitation source [66]. The authors used their microfluidic
channels for electrophoretic separation of fluorescein and 5-carboxyfluorescein. The fluoropolymer
was chosen so that its emission spectrum overlapped the absorption spectra of the fluorescein dyes
at ~500 nm. Standard filters, lenses and a PMT or a Si APD were used for PL detection. The authors
note that higher OLED driving voltages resulted in significantly larger SNRs, with a maximum
SNR of 840 for a 10 mM 50 nL fluorescein plug. Detector intensities as well as separation times for
the fluorescein dyes were comparable for the OLED excitation source versus a standard mercury
lamp source.

Yao et al. used an NPB/Alqgs bilayer OLED as an excitation source coupled with PDMS
microchannels to measure PL from Rhodamine 6 g and Alexa Fluor 532 [69]. In this work, the
researchers used an alternating layered TiO2/Si02 DBR interference filter to block >555 nm light and
thus to reduce the noise from the OLED excitation light. This allowed for a 13-times improvement in
sensitivity of Rhodamine 6G dye. Yao and coworkers achieved SNR values of 16.9 and 10.2 using
50 uM Rhodamine 6G and 7 mM Alexa 532 respectively. The concentration limit for Alexa 532 was
found to be 3 uM with a 0.7 nL injection volume. The researchers also applied their LoC system for
separation of bovine serum albumin (BSA) conjugates.

In later work, Yao and coworkers used EL from a long-strip OLED for imaging
fluorescently-labelled isoelectrically focused species [70]. This particular approach is a substantial
improvement over commercial techniques, which typically use a mobilization step to transport
isoelectrically focused zones. This mobilization step is both time-consuming, and can cause
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smearing and distortion of the sample bands. While some attempts have been made to perform
whole-column PL imaging with more traditional excitation sources [77,78], they generally suffered
from non-uniform excitation. In contrast, an OLED can be fabricated adjacent to a linear microchannel
with nearly any desired dimensions and relatively uniform emission. It is therefore a perfect candidate
as a whole-channel excitation source. Using a CCD detector, the researchers isoelectrically focused
R-phycoerythrin (finding 3 bands instead of 1 band due to impurities) within 30 s and note a system
sensitivity of ~2.5 nM, as shown in Figure 6.

Figure 6. Isoelectric focusing electropherograms of R-phycoerythrin from an
OLED-LoC system. (A) CCD intensity readout at varying concentrations in a 4-cm
channel. (B) Time evolution of isoelectric focusing for 25 mg/mL in a 2 cm channel. Figures
re-used from Ref. [70] with permission, copyright 2006 American Chemical Society.
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As an alternative approach to OLED-based detection of isoelectric focused species, Ren et al. of
the same research group examined an active-matrix OLED pixel array as an excitation source [68].
In this manner, the resolution of the fluorescent image of the channel is determined by the size of
each individual OLED pixel. In order to generate a full channel image, the pixels are addressed
individually from one end of the array to the other. Fluorescent light from the labelled species can be
measured by a simple photodiode and the photocurrent readings stitched together. This approach
greatly relaxes the requirements of the detector. The researchers successfully applied this system to
isoelectrically focus R-phycoerythrin to its isoelectric point within ~70—100 s.

Highlighting the need to miniaturize their entire LoC system, Shin and Kim et al. investigated a
fully integrated microfluidic system with an Algs OLED excitation source and a p-i-n Si PD [71,72].
The microchannel itself was etched in glass, and the OLED was deposited onto the same glass
substrate. Shin ef al. also employed an alternating SiO2/T10: interference filter on their p-i-n Si PD,
and bonded the PD to the glass substrate. The authors compared the OLED to a laser source, and
noted two orders of magnitude poorer PL from rhodamine 6G (by their PD photocurrent) due to
excitation with the OLED. This was attributed to the poor OLED emission intensity. It is possible
that higher brightness OLEDs could fare better for this LoC system, with state-of-the-art phosphorescent
OLEDs granting substantially higher brightness and current efficiency values [79]. Regardless,
Shin, Kim and coworkers demonstrated their LoCs to be capable of measuring 10 uM of
tetramethylrhodamine and 1 uM of rhodamine 6G.

Following the above reasoning, Nakajima and coworkers studied a LoC system with a
tris(2-phenylpyridine)iridium  (Ir(ppy)s) emitter, using the following OLED  structure:
ITO/N,N'-diphenyl-N,N'-di(m-tolyl)-benzidine (TPD)/4,4'-Di(N-carbazolyl)biphenyl
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(CBP):Ir(ppy)s/4,7-diphenyl-1,10-pheranthoroline (Bphen)/Alqs/Mg:Ag/Ag. This particular device
structure employs an HTL, a guest:host EML and two ETLs, and ultimately allows for very high
brightness values. As a first demonstration in a LoC system with a bandpass-filtered CCD detector,
Nakajima and coworkers detected 7.8 mM resorufin flowing through PDMS microchannels. They
further showed the system to be capable of detecting 16.5 ng/mL of immunoglobulin A (IgA) in an
immunoassay experiment.

4.2. Organic Photodiode-Integrated Lab-on-a-Chip Systems

A summary of the LoC systems employing an OPD detector are provided in Table 2. Similar to
Table 1, the results have been grouped together by their specific application, which coincides with
the principal investigators. Also, for the cases where a dynamic range is not explicitly listed,
values have been obtained from figures within the publications (best dynamic range noted for groups
of publications).

Banerjee ef al. studied the PL of rhodamine 6G and fluorescein using a PDMS microchannel, a
halide lamp excitation source and a CuPc-Ceo bilayer heterojunction OPD [83]. Their work focused
on the ultimate limit of detection of a fully integrated LoC PL system, and thus highlighted the need
to prevent excitation light from reaching the OPD. In a similar vein as Ryu et al. ([46]), Banerjee
and coworkers used polarizers that were aligned orthogonal to each other and placed at the halide
lamp and the OPD respectively. The OPD and its polarizer were bonded directly to the PDMS
microchannel. By altering the orientation of the polarizer at the halide lamp from 0° offset to 90°
offset, the authors noted a decrease in the OPD current (due to the excitation source background)
from 5 pA to 19 nA. The dark current of the OPD on its own (with the excitation source off) was
found to be 13 nA. This system allowed for detection of Rhodamine 6G at a concentration of 10 nM.

Miyake and coworkers also examined LoC systems based on CuPc-Ceso photodiodes [93]. Both
bilayer and BHJ OPDs were fabricated with the device structures ITO/CuPc/Cso/bathocuproine
(BCP)/Al and ITO/CuPc/CuPc:Ceo (3:2)/Cs0/BCP/Al respectively. Note that the latter BHJ device is
in fact a PM-HJ OSC, which has neat donor and acceptor layers bordering the mixed donor:acceptor
layer. The PM-HJ device architecture allows for enhanced absorption and free carrier transport
properties due to the neat donor and acceptor layers, while granting efficient exciton separation
within the mixed layer. In an optimized device structure, the neat donor and acceptor layer
thicknesses are ideally chosen to be equal to the exciton diffusion lengths in the respective materials.
The researchers completed their LoC PL detection system by placing a green LED below their
PDMS microchannels, and their OPD above the microchannels. In order to minimize excitation light
coupled into the OPD, Miyake et al. made use of a bandpass filter (in lieu of the polarizers used
by Banerjee ef al. [83]), granting a limit of detection of 1 mM resorufin. They further employed their
LoC system in an immunoassay to detect 20 ng/mL IgA. Continuing this work, Ishimatsu et al.
performed competitive ELISA of alkylphenol polyethoxylates (APnEOs) on magnetic microbeads
in PDMS microchannels [92]. To this end, the researchers used a magnet to immobilize
anti-APnEO-immobilized beads within the microchannel, and subsequently flowed APnEOs and the
secondary sensing antibodies through the same microchannel. Their results showed an APnEO limit
of detection of 2 ppb.
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Table 2. Summary of lab-on-a-chip systems with OPD detectors.

Excitation Dynamic
Application Micro-Fluidic OPD Details Analyte Ref.
Source Range
H>O> 10 uyM—1 M
H20>/Anti-oxi ITO/CuPc/C60/BCP/Al
CL -Carotene 22-200 uM
dant conc, PDMS channel N/A [80-82]
CLq ITO/PEDOT:PSS/ a-Tocopherol 10-200 uM
TAC assay
P3HT:PCBM/Al Quercetin 50-200 uM
ITO/PEDOT:PSS/ m-halide lamp Rhog,
Dye conc CL PDMS channel 10 nM—10 uM [83]
CuPc/C60/LiF/Al w/polarizer fluorescein
ITO/PEDOT:PSS/
Immuno assay CL PDMS channel N/A SEB 0.1-50 ng/mL [84]
P3HT:PCBM/Al
Light
P3HT:PCBM-based HeLa, NHDF, 4E3-3E5
scattering, cell abs PDMS channel 488 nm laser [85,86]
) OPD (spraycoat) Jurkat cells cells/cm?
counting
film, PDMS LEDs 02, CO2 0%—-20%
Multi-analyte PLq Au/Moo3/CuPc/
channel, (various) pH 5-10 [87-91]
conc abs PTCBI/Bphen/Ag
pipette w/aperture RIU n=133-1.43
ITO/CuPc/ resorufin 1-50 uM
Dye conc, c Ceo/BCP/Al LEDs
L _
immune pL PDMS channel ITO/CuPc/ (various) lgA 20-120 ng/mL [92,93]
assay CuPc:C60/ w/fibre
Ceo/BCP/AL APnEOs 2-50 ppb
ITO/PEDOT:PSS/ 30 pg/mL—
Immuno sol'n in wells, rhTSH
CL PCDTBT: N/A 10 ng/mL [94-97]
assay PDMS channel
PC70BM/LiF/Al human cortisol ~ 0.28-249 nM

Hofmann et al examined OPD-microfluidic systems based on both planar

heterojunction and BHJ CuPc-Ceo photodiodes [80]. These OPDs were fabricated on glass substrates

similarly

and were subsequently bonded to PDMS microchannels. Using their bilayer CuPc/Ceo OPD, the
researchers achieved peak external quantum efficiencies (EQEs) of ~25%-30% at wavelengths near
600—700 nm. Hofmann and coworkers also found a strong limitation to the ultimate limit of detection
(LoD) of their system to be due to their OPD’s absorption of excitation light. The researchers later
developed long-pass thin-film filters based on doping PDMS with lysochrome dyes [98]. The use
of PDMS and common biochemical dyes make these filters especially attractive, as they are easily
compatible with standard microfluidics fabrication. As a first verification of the capabilities of their
integrated OPD-microchannel device, Hofmann et al. measured peroxyoxalate chemiluminescence
(CL). Both bis (2-carbopentyloxy-3,5,6-trichlorophenyl) oxalate (CPPO) and 9,10-diphenylanthracene
dye were introduced into a first sample well, H2O2 was introduced into a second sample well and
4-dimethylaminopyridine (DMAP, catalyst) was introduced into a third sample well. The three species
were hydrodynamically pumped to meet at a channel intersection and then mixed along a 1-cm-long
linear segment. The authors noted a limit of detection of ~1 mM H20:, and they observed a linear
relationship of the OPD current with the H202 concentration up to 1 M.

Wang and coworkers of the same research group studied a similar LoC system, but instead used a
P3HT:PCBM-based OPD [82]. Their OPD device structure was ITO/poly(3,4-ethylenedioxythiophene)
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poly(styrenesulfonate) (PEDOT:PSS)/P3HT:PCBM (1:1)/Al. As noted previously, P3HT:PCBM
absorbs over most of the visible range (~350 m to 700 nm), and so this particular OPD would not be
applicable to LoC systems that require absorption over a small bandwidth (e.g., LoC systems with
several OPDs to detect multiple PL peaks). In this work, the researchers patterned and miniaturized
their OPDs to better align with the geometry of their microchannels to decrease dark current. As a
consequence, using a similar CL reaction as described with [80], Wang et al. were able to achieve an
H20: limit of detection less than 10 uM, with linear OPD photocurrent vs. concentration until 1 mM
H20z. This level of sensitivity is on par with a similar system using an integrated silicon photodiode [99].
Wang et al. later applied their PSHT:PCBM OPD-LoC for the evaluation of the antioxidant capabilities
of B-carotene, a-tocopherol and quercetin, granting detection limits 10-50 uM [81]. The researchers
compared the transient OPD signal to the same system using a PMT detector. They found virtually
identical signal profiles for the OPD versus the PMT detector, with nearly the same detection limits
and precision. This work is therefore a strong evidence for the capability of integrated OPDs to
replace the lab-scale detector set-ups in PL/CL measurements.

Wojciechowski et al. applied a P3BHT:PCBM OPD to detect CL from sandwich immunoassays
for detection of Staphylococcal enterotoxin B (SEB) [84]. Similar to the work by Wang et al., the
authors note very low (pA) dark currents with fA noise for their P3HT:PCBM OPDs when kept
under low reverse bias (0 to 100 mV). OPDs were fabricated on glass substrates, and attachment and
assay steps were simply completed on the reverse side of the substrates with a patterned PDMS reservoir.
The samples were then fitted with a microfluidic flow chamber and inserted into a custom-made
hand-held controller. The components of this system are shown in Figure 7. Their efforts allowed for
a limit of detection of 0.5 ng/mL SEB, which is on par with commercially available “portable”
PMT-based and CCD-based systems. Furthermore, while these commercially available systems tout
portability, they are substantially heavier and costlier than the presently examined OPD-LoC system.

Following the shift in the organic photovoltaics community toward new donor polymers
and Cro-fullerene derivatives (instead of the more common PCeBM), Pires et al. studied BHJ
OPDs based on a poly [N-9-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',
3'-benzothiadiazole)] (PCDTBT) donor and a [6,6]-phenyl C71-butyric acid methyl ester (PC71BM)
acceptor for their LoC systems [94-97]. Such OPDs have been shown to be capable of very high
efficiencies [100], and internal quantum efficiencies approaching 100% over a large portion of the
visible spectrum [101]. They are thus ideal candidates for LoC systems, where the PL from dilute
analyte can be quite weak. The OPD integrated with either micro-wells or PDMS microchannels
allowed for detection of CL from 30 pg/mL of recombinant human thyroid stimulating hormone
(rhTSH) and 0.28 nM of human cortisol. Pires et al. also showed that the PCDTBT:PC71BM OPDs
could be used with PMMA microchannels for multiplexed detection of pathogens [97], with the total
cost of their detection system estimated at less than $30 USD.
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Figure 7. Various components of the hand-held OPD PL measurement system by
Wojciechowski et al. (A) From left to right: PMMA holder, PDMS reservoir, glass
sensor slide with OPD, opaque microfluidic channel; (B) hand-held controller. Figure
re-used from Ref. [84] with permission, copyright 2009 American Chemical Society.

In order to demonstrate the versatility of integrated OPD-LoC technology, Lamprecht, Abel,
Sagmeister and coworkers fabricated a number of different multi-analyte sensors to pair with bilayer
CuPc/PTCBI OPD detectors [87-91]. Similar to the work by Shinar and coworkers [55-57,65], Oz gas
concentration is measured by PL quenching (PLq) of films that employ O:-sensitive phosphorescent
materials (e.g., (II) meso-tetra(pentafluorophenyl)porphine (PtTFPP)). This is accomplished by
exciting the sensing film with an LED and detecting the change in PL intensity and PL decay
dynamics with changing O: concentration—the PtTFPP triplet state is generally long-lived
but prone to quenching by O2. CO2 and pH were also shown to be measurable by changing the
sensing film to films based on either 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt
(HPTS):tetra-N-octylammonium hydroxide (TOATOH") or HTPS(DHA )3 respectively. In order to
reduce dark noise and improve the sensitivity of their LoC systems, the researchers employ a unique
system geometry with ring-shaped OPDs, as shown in Figure 8. This is an extension of the
back-detection LoC geometry discussed previously; however, this system further decouples the
excitation source and the detector by waveguiding the sensor film’s PL to a ring-shaped OPD. To
further enhance light coupling to the OPD in this geometry, the researchers also used a scattering
ring opposite to the OPD. The use of waveguided light also opens up possibility for surface plasmon
resonance test platforms, where the sensor spot is replaced by Ag/Ta>Os thin films. Evanescent waves
that penetrate the cladding of the waveguide interact with analyte adjacent to the SPR platform,
which can then be detected by the OPD. Lamprecht ez al. employed such a system to test for changes
in refractive index in adjacent fluid, allowing for the detection of changes in refractive index with a
resolution of 8E-4 RIU. This resolution is on par with similar systems developed by Ratcliff ez al.,
which make use of Alqs/TPD OLED emitters and double pentacene/Ceso detectors [102].

In their most recent work, Lamprecht et al. adapted this same LoC test platform to a glass pipette,
placing the sensor film material within the pipette, and then depositing the OPD around the edge
of the pipette away from the sensor spot [89]. In this case, the glass walls of the pipette act as the
waveguide. This particular application highlights the promise of organic electronic materials and
devices in LoC systems. Specifically, OPDs and OLEDs are incredibly adaptable—they are capable
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of being deposited on many different substrates at low temperatures, including substrates that are

flexible and non-planar.

Figure 8. Illustration of the loc system employing a ring-shaped OPD for Reduced dark
noise. Figure re-used from Ref. [91] with permission, copyright 2013 Springer.
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4.3. Fully Integrated OLED/OPD Lab-on-a-Chip Systems

A summary of the LoC systems employing both an OLED excitation source and an OPD detector
are provided in Table 3. As with the previous tables, the results have been grouped together by their
specific application, which coincides with the principal investigators. Also, for the cases where a
dynamic range is not explicitly listed, values have been obtained from figures within the publications
(the best dynamic range is noted for groups of publications). Furthermore, while the entries in Table 3
and the discussion below primarily focus on experimental OLED-OPD-LoC systems, it is worth
noting that some work has been done on modelling these systems to extract ultimate limits of
detection [103,104].

Banerjee, Pais and coworkers continued their earlier work by replacing their halide lamp
excitation source with a green-emitting Alqs OLED [105—-107]. As with their previous experiments
discussed in Section 4.2, the researchers made use of a CuPc-Ceo bilayer heterojunction OPD as a
detector. The authors noted an increase in the limit of detection for rhodamine 6G from 10 nM to 100 nM
when switching from the halide lamp to the OLED. The authors also measured a limit of detection of
10 uM fluorescein for their system—much higher than that of rhodamine 6G due to the poor spectral
overlap of fluorescein with the Alqs OLED and the poorer OPD responsivity at ~530 nm (where
fluorescein emits light). The authors note that with optimization of channel depth, OPD responsivity
and OLED output power, a detection limit of 10 pM should be feasible. By further reducing the noise
within the associated system electronics (including connecting wires, the lock-in amplifier, the
multimeter and the GPIB-USB connector), even lower detection limits are possible.
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Table 3. Summary of lab-on—a-chip systems with OLED excitation sources and OPD detectors.

Application Micro-Fluidic  Excitation Source  Detector Details Analyte Dg:ﬁlgnelc Ref.
PDMS ITo/EB39o/NPE,  LTOPEDOT: Rh6G ~ 0.1nM-1mM
Dye conc PL . PSS/CuPc/C60/ - [105-108]
channel Alq3/LiF/Al LiF/Al fluor-escein 1 pM—1 mM
Au/CuPc/NPB/ o o
Multi-analyte Alg3/LiF/Ag Au/CuPc/ . 0%-20%
conc PLq film (non-MF) Bluc-emitting PTCBAI/ 'Alq3/ CO» 0%—10% [109,110]
OLEDs & pH 3-9
ITO/CuPc/NPD/ ITO/PEDOT:
Multi-analvte Alg3:C545T/ PSS/P3HT: O2 0%—-100%
Y cone Y€ pLq  film (non-MF) Alg3/LiF/Al PCBM/Al [111,112]
Ag/MoO3/a- ITO/LiF/CuPc/ H 4-10
NPB/Alg3/LiF/Al  C70/Bphen/Al P
Cell i green algae 2.1E5-3E6
ebide T pL PDMS ITO/NPB/DPVB/ ITO/PTB3: CC-125 cells/mL [113]
channel BCP/Alq3/LiF/Al PCBM/LiF/Al 7.5 nM—
conc DCMU
1.5 uM
Immuno ITO/PEDOT:PSS/ ch%;z If/gl:W ,
assay, abs PMMA + tape Ir(mppy)3:PVK ctched olass mlgG N/A [114]
Spectro-scopy ‘TPD:PBD/Ba/Al ora ti1g1g

Shuai et al. of the same research group later improved upon this fully integrated system, replacing
the simple bilayer heterojunction OPD with a multiple heterojunction OPD [108]. Both an illustration
and a photograph of their experimental setup are shown in Figure 9. The multiple heterojunction
OPD is discussed at depth in [11], and uses multiple thin absorbing layers to increase the OPD
absorption. If the device is designed correctly, such that the layer thicknesses are smaller than the
respective exciton diffusion lengths, the multiple heterojunction can strongly enhance OPD quantum
efficiency. Their final OPD device structure is thus ITO/PEDOT:PSS (HIL/HTL)/CuPc (HTL)/Cso
(ETL)/CuPc (HTL)/Ceso (ETL)/LiF (EIL)/Al. By using this improved OPD with polarizers to reduce
dark noise, the researchers lowered their limit of detection for rhodamine 6G to 1 nM.

Figure 9. Illustration and photograph of a fully integrated organic light emitting
diode-organic photodetector-lab-on-a-chip PL detection system. Figure re-used from
Ref. [108] with permission, copyright 2008 IEEE.
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Kraker and coworkers also made use of an Algs-based OLED and a CuPc-PTCBI OPD

with polarizers [109], applying this PL detection scheme to their Oz-sensitive films (detailed in
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Section 4.2 with Sagmeister, Lamprecht, Abel et al. [§7-91]). In order to prevent OLED excitation
light from reaching the OPD, both the OLED and OPD were fabricated directly on the polarizer foils.
A PtTFPP:PS film was then deposited on the reverse-side of the OLED foil for efficient
measurement of oxygen content. The authors further employed this system as a pH sensor using
fluorescein-isothiocyanate in phosphate buffer. Since organic electronics can be readily deposited on
flexible substrates (including polarizer foils), this approach highlights a feasible, and potentially
cost/time-saving improvement to the LoC fabrication process. Mayr ef al. of the same research group
instead used blue emitting OLEDs in combination with a CuPc-PTCBI OPD to detect O2 and CO2
gas concentrations [110]. Here the authors employ the ring-OPD geometry described earlier (shown
in Figure 8), to detect 0% to 20% Oz, 0% to 10% CO2 and 3 to 9 pH with a fast and reversible sensor
response. The response of the fully integrated LoC with all-organic optical detection is thus shown to
be on par with their previous LoCs, which used inorganic LED excitation sources.

Nalwa, Liu and et al. also examined OLED-OPD-LoC systems for Oz and pH sensing [111,112],
continuing the progress on multi-analyte detection with Shinar and coworkers. Nalwa et al.
employed a coumarin 545T (C545T)-doped Algs fluorescent OLED as an excitation source and a
longpass-filtered P3HT:PCBM OPD for PL detection [112]. The work allowed for the detection of
0% to 16% Oa. As such, this system is also capable of similar performance as previously studied
LoCs that used inorganic PMT, CCD or Si PD detectors. The combination of this research with that
of Kraker et al. noted above thus shows that completely organic optical detection for LoC is a
practical alternative to more common inorganic detection schemes from both the perspective of the
excitation source and the detector. Liu et al. focused on further optimizing the sensitivity of their
multi-analyte LoCs by addressing the generally large full-width at half-maximum (FWHM) of
OLED electroluminescence [111]. To this end, the researchers employed microcavity OLEDs and
the back-detection system geometry to substantially reduce the dark noise of their LoC systems by
reducing the OLED light detected by their OPD. In this work, the OLED has the following structure:
Ag/MoO3/a-NPD/Alqs/LiF/Al, with the silver layer deposited to only 40 nm to remain
semi-transparent to the Algs-emitted light. By fine-tuning the thicknesses of the a-NPD and Alqs
layers, Liu ef al. showed it was possible to use constructive/deconstructive interference to change
the color of their microcavity OLEDs from green to blue. Longpass-filtered CuPc/Cro bilayer OPDs
were used due to their strong EQE overlap with their PtOEP-based sensing layer absorption. By
measuring the PL decay dynamics of PtOEP-based films and the PL intensity variations of solutions
containing fluorescein, the researchers achieved sensing of 0% to 100% Oz and 4 to 10 pH respectively.

Lefevre et al. examined a fully integrated OLED-OPD-LoC system for detection of algal
chlorophyll [113]. Chlorophyll complex molecules in photosystem II use absorbed energy for
photosynthesis, which can be generated from blue photons, and subsequently re-emit excess energy
in the far red region. This system is particularly interesting for LoC PL detection, as the absorption
and emission bands are spaced ~200 nm apart. The researchers used a blue DPVBi-based OLED for
excitation and a polymeric PTB3:PCBM BHJ OPD for detection. The PTB class of polymers was
developed for OSCs, and has been shown to yield solar cells with very high performance [115,116].
It is based on alternating ester substituted thieno[3,4-b]thiophene and benzodithiophene units and
exhibits an absorption peak at 700 nm, with tail-end absorption extending up to 800 nm. It is thus
ideal for the present application, as it can absorb the far-red photons emitted by algal chlorophyll.
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To further minimize dark noise due to OLED light being detected by the OPD, Lefévre and
coworkers used thin-film filters formed by incorporating dyes into host resin. In fact, the ease of
implementation and success of these thin-film absorbing filters follows as a consequence of the large
separation between the OLED EL peak and the chlorophyll PL peak. Both the OLED and the OPD
were formed on glass substrates and subsequently bonded back-to-back to the PDMS microchannels
with their relevant filters. An illustration and photograph of the system layout are shown in
Figure 10. Lefevre ef al. used this system to identify a limit of detection of ~1900 algal cells within
their detection chamber (2.1ES5 cells/mL). The researchers further used this system for detection and
quantitation of herbicides, with Diuron (DCMU) concentrations as low as 7.5 nM, surpassing the
detection limit of portable commercial equipment by an order of magnitude.

Figure 10. (A/B) Illustration of a fully integrated organic light emitting
diode(OLED)-organic photodetector(OPD)-lab-on-a-chip PL detection system. (A/B)
(a) OPD (b) excitation filter (¢) microfluidic channels (d) emission filter (e) OLED.
(C) photograph of the microchannels (colour dyes show channels). Figure re-used from
Ref. [113] with permission of The Royal Society of Chemistry.
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As a final demonstration of the potential for fully integrated organic electronic optical
detection schemes for LoC applications, we examine work completed by Ramuz, Leuenberger and
Biirgi, who used polymer OLED emitters and OPD spectrometers for flow immunoassays [114].
Their system relies on SPR interaction with analyte in PMMA microchannels by using a
Si02/Ti02/Ct/Au/TiO2 SPR sensing platform, with the specific LoC geometry shown in
Figure 11. The researchers employed a phosphorescent polymer OLED with the structure
ITO/PEDOT:PSS/tris[2-(p-tolyl)pyridine]iridium(III) (Ir(mppy)3):poly(9-vinylcarbazole)
(PVK):TPD:PBD/Ba/Al. The polymer LED pumps a “PL-material’, MEH-PPV, to efficiently
couple excitation light into the waveguide. The indirect excitation with the MEH-PPV “PL-material”
provides better TM mode coupling into the waveguide when compared to direct excitation of the
polymer OLED. The second benefit to this method is that the intensity of the light coupled into the
waveguide can be scaled with the size of the MEH-PPV PL layer and the size of the polymer OLED.
After passing the SPR platform, the waveguided light propagates to a 500 um grating of etched glass
(312 nm period, 12 nm depth), which scatters light into an OPD array (10-50 pum-wide OPD pixels
with 5 pm pitch. This approach impressively acts as a spectrometer with 5 nm resolution. Using this
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system, Ramuz et al. performed an immunoassay for mouse immunoglobulin G (mIgG). Spectra
during each stage of the immunoassay were obtained, and clear changes were observed for both the
functionalization of the microchannel with mIgG, as well as the subsequent addition of anti-mIgG
labelled with the Cy5 fluorescent marker. While this initial demonstration is already impressive, the
incorporation of a fully functional organic spectrometer into LoC has incredible potential, and can be
easily applied to any number of optical bio-detection experiments.

Figure 11. Illustration of a LoC system using SPR-absorption analyte detection with
a polymer OLED excitation source and an OPD spectrometer. Figure re-used from
Ref. [114] with permission, copyright 2010 Wiley Periodicals, Inc.
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5. Conclusions

LoC systems promise substantial improvements in many analytical procedures, especially in
those implementing complicated lab-based techniques to simple point-of-care tests. However, LoC
systems also suffer in that they are inherently multidisciplinary endeavours, requiring expertise in
incredibly varied fields of study. The present review examined the meshing of three core fields of
research—organic electronics, microfluidics and life sciences. The entrance difficulty associated
with application of all of these fields simultaneously has resulted in a relatively under-developed area
of study. To this end, there are only a handful of examples of truly integrated PL LoC systems that do
not require external lab space and equipment. In spite of this, the preliminary data from the reviewed
research overwhelmingly supports the fact that optimized OLED-OPV-LoC PL systems are certainly
capable of surpassing current commercial portable analysis technology, and in some cases may even
rival lab-scale set-ups.

Arguably the most critically important parameter to dictate a PL system’s realm of applicability is
its limit of detection. In most studies, researchers identified the detector’s absorption of the excitation
light as a hindrance to the limit of detection, since it increases the background or zero-point signal.
In lab-scale set-ups, the majority of excitation light can be removed by clever placement of the
detector—ideally orthogonal to the excitation source and 45° to the channel. In a scaled down LoC
system, this geometry is unwieldy and difficult to implement. As such, researchers have pursued
back-detection architectures, waveguide-coupled PL, time-delayed and PL lifetime analysis, interference
filters, absorbing filters and polarizer films to varying degrees of success.
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The other most significant impediments to the ultimate limit of detection are related to the
quality of the OLED and OPD. Namely, most research on this topic to date can be best described
as proof-of-concept, using the simplest bilayer Alqgs OLEDs and the most basic CuPc-Cso or
P3HT:PCBM OPDs. These studies have done well to invigorate and spur new research—the past
decade of research has allowed for applications of this technology spanning simple chemical detection,
to imaging whole-channel isoelectric focusing, to observing peroxyoxalate CL, to miniaturized
organic spectrometers and finally to the measurement of algal PL for herbicide characterization.
However, as noted by Banerjee and coworkers [105], the output power of their OLED must be
improved by up to 150-times and the responsivity of their OPD must be improved by up to 50-times
for their integrated LoC system to reach lab-scale sensitivities. Other improvements can be made
in LoC system geometry, as has been observed with the successful use of ring-OPDs and OPDs
deposited on circular substrates. It is now necessary to push the OLED-OPV-LoC system to its limits
to probe its ultimate capabilities.
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List of Abbreviations

Abbreviation Full Name

abs absorbance
Alq3 tris(quinolinolate) Al
a-NPD N,N'-di(alpha-naphthyl)-N,N'-diphenyl-1,1'-biphenyl-4,4'-diamine
APD avalanche photodiode
APnEOs alkylphenol polyethoxylates
BCP bathocuproine
BHJ bulk heterojunction

Bphen 4,7-diphenyl-1,10-pheranthoroline
C545T coumarin 545T

C60 fullerene
CBP 4,4'-Di(N-carbazolyl)biphenyl
CC-125 chlamydomonas reinhardtii
CCD charge-coupled device
CL(q) chemiluminescence (quenching)
CPPO bis (2-carbopentyloxy-3,5,6-trichlorophenyl) oxalate
CuPc copper phthalocyanine
DBR distributed Bragg reflector

DCM 4-dicyanomethylene-2-methyl-6-(p-dimethylaminostyril)-4H-pyrane
DCMU 3(3.,4-dichlorophenyl)-1,1-dimethylurea, Diuron
DMAP 4-dimethylaminopyridine
DPVBIi 4,4'-bis(2,2'-diphenylvinyl)-1,1'-biphenyl
EL electroluminescence
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EP electrophoretic
EQE external quantum efficiency
HPTS 8-hydroxypyrene-1,3,6-trisulfonic acid
IEF isoelectric focusing
Ir(ppy)3 tris(2-phenylpyridine)iridium
v current-voltage (measurements)
LIF laser-induced fluorescence
LoC lab-on-a-chip
LoD limit of detection
MEH-PPV  poly[2-methoxy-5-(2'-ethylhexyloxy)-p-phenylene vinylene]
mlgG mouse immunoglobulin G
mKP m-Cresol purple
NHDF normal human dermal fibroblasts
NPB/NPD  4,4'-bis[N-(1-naphthyl)-N-phenylamino|biphenyl
OLED organic light emitting diode
OPD organic photodetector
0OSC organic solar cell
Abbreviation Full Name
PBD 2-(4-biphenyl)-5-(4-¢-butylphenyl)-1,3,4-oxadiazole
PC70BM 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)C71
PCBM 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)Cq:
poly
PCDTBT [N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4",7'-di-2-thienyl-2',1',3'-benzothiadiazole) ]
PDMS polydimethylsiloxane
PDY-132 Super Yellow
PEDOT:PSS  poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
PF polyfluorene
PL(q) photoluminescence (quenching)
PMT photomultiplier tube
PMMA poly(methyl methacrylate)
PP polypropylene
PPV poly(p-phenylene vinylene)
PTCBI 3.,4,9,10-perylenetetracarboxylic bis-benzimidazole
PtOEP Pt octaethylporphyrin
PtTFPP (IT) meso-tetra(pentafluorophenyl)porphine
PVK poly(9-vinylcarbazole)
Rh6G rhodamine 6G
RhB rhodamine B
rhTSH recombinant human thyroid stimulating hormone
RIU refractive index unit
Ru(dpp) tris(4,7-diphenyl-1,10-phenanthroline) Ru chloride
SEB staphylococcal enterotoxin B
SNR signal to noise ratio
SPR surface plasmon resonance
TAC total antioxidant capacity
TAMRA tetramethylrhodamine
TOA+OH-  tetraoctylammonium hydroxide
uTPD N,N'-diphenyl-N,N'-di(m-tolyl)-benzidine

uc-OLED

microcavity OLED
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Section II: Material Fabrication and Properties
Chapter 3

Optical and Surface Characterization of
Radio Frequency Plasma Polymerized
1-Isopropyl-4-Methyl-1,4-Cyclohexadiene Thin Films

Jakaria Ahmad, Kateryna Bazaka and Mohan V. Jacob

Abstract: Low pressure radio frequency plasma-assisted deposition of
1-isopropyl-4-methyl-1,4-cyclohexadiene thin films was investigated for different polymerization
conditions. Transparent, environmentally stable and flexible, these organic films are promising
candidates for organic photovoltaics (OPV) and flexible electronics applications, where they can
be used as encapsulating coatings and insulating interlayers. The effect of deposition RF power on
optical properties of the films was limited, with all films being optically transparent, with refractive
indices in a range of 1.57—1.58 at 500 nm. The optical band gap (E¢) of ~3 eV fell into the insulating
Eg region, decreasing for films fabricated at higher RF power. Independent of deposition conditions,
the surfaces were smooth and defect-free, with uniformly distributed morphological features and
average roughness between 0.30 nm (at 10 W) and 0.21 nm (at 75 W). Films fabricated at higher
deposition power displayed enhanced resistance to delamination and wear, and improved hardness,
from 0.40 GPa for 10 W to 0.58 GPa for 75 W at a load of 700 uN. From an application perspective,
it is therefore possible to tune the mechanical and morphological properties of these films without

compromising their optical transparency or insulating property.

Reprinted from Electronics. Cite as: Ahmad, J.; Bazaka, K.; Jacob, M.V. Optical and Surface
Characterization of Radio Frequency Plasma Polymerized 1-Isopropyl-4-Methyl-1,4-Cyclohexadiene
Thin Films. Electronics 2014, 3, 266-281.

1. Introduction

The latest advances achieved in the field of organic electronics have expanded the scope of
applications beyond those attainable with conventional silicon (Si) semiconducting technologies
to include flexible photovoltaic (PV) and light-emitting devices, flexible displays, chemical and
biological sensors, wearable and implantable electronics, to name a few [1-7]. Among these, organic
thin film photovoltaics (OPV) is an emerging economically-competitive PV technology that combines
manufacturing adaptability, low-cost processing and a lightweight, flexible device end-product.
In spite of the significant advances in OPV, commercial use of this technology remains limited, due
to both low power conversion efficiency (PCE) and poor overall stability of the devices. Indeed,
even though the highest PCE achieved from organic PV has risen from 2.5% to 11% for bulk
heterojunction polymer: fullerene solar cells over the last ten years, it falls short of 25%-30% PCE
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level offered by established Si photovoltaic cells. The lifetime achievable by the most advanced
organic solar cells is also far below the 20-25 years lifespan of commercial Si photovoltaic cells [8],
attributed to relatively low environmental stability of organic photoactive materials.

Most of the research effort to date has concentrated around the photoactive layer, focusing on
new, more efficient and stable materials with tailored energy levels and solubility, and a better
understanding of the mechanism of photon—to—electron conversion [9]. However, encapsulation with
high barrier performance materials has also been recognized as instrumental in significantly improving
device lifetime, where device stability is extended by limiting penetration of oxygen and moisture
from the environment into device layers [10]. For instance, encapsulation of solar cells based on
coating of ZnO layer on top of a photoactive material and subsequent UV resin drop coating resulted
in a significant increase in the stability, shelf life of the device, and the cost-effectiveness [11].
Recently synthesized silicon oxide/alumina and parylene layer had an effective water vapor
transmission (WVTR) rate of 2.4 = 1.5 x 107> g/m*/day [12]. However, the requirements for high
performance encapsulation materials include good processability, high optical transmission, high
dielectric constant, low water absorptivity and permeability, high resistance to ultra-violet (UV)
degradation and thermal oxidation, good adhesion, mechanical strength, and chemical inertness [13].
While inorganic barrier layers are often used for their sound durability [14], organic encapsulation
materials are attracting attention for their synthetic flexibility and resulting property tunability [15].

Organic thin film materials fabricated from renewable precursors using low-cost deposition
methods, such as plasma-assisted nanoassembly, have lower environmental and economic costs [16].
Low-temperature plasma deposition is a highly engineering-friendly, economical method of polymer
synthesis, that delivers practically pollutant free surface chemistry, and can be easily integrated into
manufacturing processes [17,18]. The method offers a level of confidence and deposition quality
comparable to and in many cases superior to other widely-used techniques, such as thermal chemical
vapor deposition, wet chemistry processing, laser assisted microfabrication, efc. [19,20]. Films
fabricated using plasma-assisted synthesis are typically smooth, ultrathin and pinhole free, with good
spatial uniformity, conformal coverage, and high adhesion to the substrate [21].

1-isopropyl-4-methyl-1,4-cyclohexadiene, also known as y-terpinene, is a non-synthetic isomeric
hydrocarbon derived from Melaleuca alternifolia essential oil. Earlier, Jacob and co-workers have
successfully used plasma-assisted deposition to fabricate thin films from other renewable precursors
for application in electronics and biomedical fields, reporting property variability linked to
both deposition conditions and the chemistry of the monomer [22-26]. This paper reports on the
plasma-assisted fabrication of new polymer thin films from y-terpinene, with intention to use these
films in OPVs, specifically as encapsulation coatings, and as insulating layers in flexible electronics.
Given the proposed application for the plasma polymerized y-terpinene (pp—GT), the material is studied
in terms of optical, surface, mechanical, and adhesion properties as a function of deposition conditions.

2. Experimental Section

Thin film samples were deposited on high quality glass microscope slides inside a custom
made, cylindrical RF polymerization chamber, 0.75 m in length with an inner diameter of 0.055 m
(approximate volume of 0.018 cm?®). The slides were thoroughly cleaned using extran, an ultrasonic
bath of distilled water, and rinsed with isopropanol prior to deposition. Using the procedure outlined
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in [22], plasma polymer films were fabricated from y-terpinene monomer (Figure 1) at various input
RF power levels (10, 25, 50 and 75 W) and at an ambient temperature of 20 °C. The monomer flow
rate was estimated to be 1.57 cm?/min by employing the procedure outlined by Gengenbach and
Griesser [27].

Figure 1. Chemical structure of 1-Isopropyl-4-methyl-1,4-cyclohexadiene (CioHise).
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Variable angle spectroscopic ellipsometry (VASE) measurements were performed using a J.A.
Woollam Co. Inc. model M-2000D variable angle spectroscopic ellipsometer to estimate sample
thickness and optical properties of pp—GT thin films [28]. The refractive index n, extinction
coefficient k£ and thickness were derived from the experimental 4 and ¥ data via regression analysis.
The relation between n and thickness for the polymer samples has also been investigated. UV-Vis
spectroscopy measurements were performed using an Avantes Avaspec-2048 spectroscopy unit with
an Avalight-DHc light source to measure the absorbance in the ultraviolet and visible region. From
those data, values of optical band gap have been derived. Surface morphology and roughness
parameters of pp—GT thin films fabricated under different RF powers were determined from atomic
force microscope (AFM) images acquired on a NT-MDT NTEGRA Prima AFM operating in
semi-contact mode. A Hysitron Triboscope was used to perform the nanoindentation study. During
the nanoindentation study, a Berkovich indenter (70.3° equivalent semi-opening angle) was used and
instrument compliance was calibrated using fused silica. Preliminary images of the samples under
investigations were collected in order to evaluate the roughness of the area to be indented. Twelve
indentations were made on each sample and the results presented are an average of these indentations.
Typical loads used in the indentation ranged from 100 uN to 2000 puN with fixed loading time and
hold time of between 2 and 5 s.

In the load-partial unload (PUL) experiment, several cycles of loading and unloading were
performed in a sequence (Figure 2). At a constant rate of loading and unloading (100 uN/s), the
Berkovich indenter was first loaded and unloaded two times in succession with each of the
unloadings terminated at 10% of the maximum load to assure the contact between the pp—GT thin
film sample and the indenter. This was performed to examine the reversibility of the deformation and
thus ensure that the unloading data used for analysis purposes were mostly elastic [29]. The load was
held constant after the second unloading for a fixed period of time at 10% of the peak value while the
displacement was carefully monitored to establish the rate of displacement produced by thermal
expansion in the system. Following the hold period, the sample was loaded for the last time to allow
any final time dependent plastic effects to diminish, with another fixed hold period inserted at peak
load and then the specimen was fully unloaded.



52
Figure 2. Typical load—time sequence used for load—partial unloading experiments.
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After the indentations were performed, stiffness values and the known modulus for quartz were
used to calculate the contact area for each indent. Contact parameters and mechanical properties of
the pp—GT thin films are derived from the contact area and load-displacement curve as proposed by
Oliver and Pharr [29]. The unloading stiffness was determined after polynomial fitting of 90% of the
unloading curve.

The cross-hatch test was performed on pp—GT films fabricated at different power levels using
the Elcometer 107 kit to obtain a standardized (ASTM D3359) qualitative assessment of the adhesion
between the films and the glass substrate. Crosshatch patterns were made on the polymer film surfaces
using the cutting tool (6 teeth, | mm spacing). The whole area was then brushed to remove debris and
adhesive tape was applied on top of the lattice followed by smoothing out the tape with a pencil
eraser across the surface. The tape was then removed by pulling at an angle of 180° and the results
were analyzed by comparing the lattice of cuts with ISO standards. Three samples were fabricated
for each applied RF power, with three crosshatch tests performed on each sample.

3. Results and Discussion
3.1. Effect of Time on Film Thickness

The dependence of pp—GT thin film thickness on the deposition time was studied on samples
fabricated for 2, 5, and 10 min at 25 W RF power along with constant monomer flow rate and
pressure. A film thickness of 120 nm was obtained with deposition time of 2 min at 25 W. The
sample thickness increased linearly with time, approaching 438 nm for deposition time of 10 min.
Similar trend was observed for films fabricated at 10, 50, and 75 W RF power. Film thickness is also
found to be linearly increasing with higher RF power. This is due to an increase in the densification
of electrons with an increased crosslinking. Same phenomenon has also been observed in case of
plasma polymerized terpinen-4-ol and linalyl acetate (PLA) thin films [26,30]. Assuming constant
deposition conditions (pressure, monomer flow rate, distance between electrodes, efc.), the desired
film thickness of pp—GT thin film for a potential application can therefore be achieved by controlling
the time of deposition.
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3.2. RF Power Dependence of Optical Constants

The effect of changing the RF power level on the optical constants of pp—GT polymer thin films
has been studied using VASE and UV-Vis spectroscopy over the wavelength range of 200—1000 nm.
UV-Vis absorption spectrums of samples fabricated at 10, 25, 50, and 75 W RF power level (Figure 3)
reveal that the absorption contour is replicable over the RF power range employed during fabrication.
Reallocating of the peak position and/or broadening of the peak are not observed with increase in RF
power, unlike other studies [31]. The maximum absorption of pp—GT films fabricated at different RF
power levels is found to be at 300 nm. It is believed that the main absorption peak may be the result
of pi—pi * transitions. The optical transparency of the polymer films is confirmed by these spectra
as the maximum absorption peaks are outside of the visible region of the spectrums. The optical
transparency of the pp-GT film can be effectively used in applications such OPV, medical imaging,
optical sensor and as an encapsulating (protective) layer for the electronic circuits.

Figure 3. UV-Vis absorption spectrum of pp—GT thin films.
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Figure 4 demonstrates the n and k& profiles of pp—GT thin films fabricated at various power levels.
Thickness and surface roughness parameters from Cauchy analysis (WVASE software) were used to
obtain » and k profiles. Mean squared error (MSE) values used to assess the quality of the modeling
fit were below 3. Considering the profiles, it is observed that the overall shape of the curves was
similar across all the samples. At short wavelengths (below 250 nm), a sharp peak in n profile was
detected. At wavelengths above approximately 250 nm, an increase in RF input power resulted in
higher n values for the polymer. At 500 nm, the difference in refractive index between 10 and 75 W
sample is 0.01, corresponding to a change of less than 1% that is similar to thin films fabricated from
linalyl acetate [32].
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Figure 4. Refractive indices and extinction coefficient of pp—GT thin films.
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Based on the refractive index values of pp—GT films, it is anticipated that it can be used as
a coating on long-period fiber gratings (LPFGs) to enhance its sensitivity, similar to o-form
syndiotactic polystyrene [33]. According to [34], pp—GT can also be used in advanced optoelectronic
fabrications, such as high performance substrates for advanced display devices, optical adhesives or
encapsulants for OPV devices, antireflective coatings for advanced optical applications or image
sensors [4,5,10].

The extinction coefficient (k) profiles for pp—GT samples fabricated at various RF power levels
illustrate very similar characteristics. These results (optical similarities with glass and transparency
in the visible wavelength region) confirm pp—GT thin films as a strong candidate for use as encapsulation
coatings in OPV, optical devices, such as LEDs, FETs, and lenses.

Abbe number (vp), a key parameter for the refractive index dispersion, is of great importance for
optical materials used in the visible region. It is also defined as v-number or refractive efficiency or
constringency of the material. The Abbe number is given by following equation [35]:

Na—1

Up = Ny — 1, (1)

where n4, nr, and nc are the refractive indices of the material at the wavelengths of sodium D
(587.6 nm), hydrogen F (486.1 nm), and hydrogen C (656.3 nm), respectively [35]. Materials that
have a higher Abbe number (vp) have lower dispersion in the refractive index, whereas highly
refractive materials have small Abbe numbers [36,37]. A polymer having low vp (<30), is therefore
not suitable for use in optics [36].

For pp—GT films, vp increases from 35.37 to 40.35 (Table 1) with increase in RF power (10 W to
75 W), which confirms that films fabricated at 75 W have lower dispersion in the refractive index.
These results indicate the well-balanced properties and hence the pp—GT polymer thin films are
potential candidates for advanced optical applications.
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Table 1. Abbe-numbers for pp—GT thin films.

RF Power (W) VD
10 35.37
25 35.18
50 37.80
75 40.35

3.3. Thickness Dependence of Optical Constants

Thickness dependence study was carried out using spectroscopic ellipsometry data taken for
pp—GT thin films fabricated at 25 W with different film thicknesses and the corresponding » and &
profiles. With an increase of thickness over the measured wavelength region, a very small increase of
n is observed. The shift in n vs. thickness is comparable to that found for polyparaxylene films [38],
which were deemed to not have significant thickness dependence on n. The shifts found in pp—GT
thin films are therefore insignificant and thus # is not dependent on thickness.

3.4. Determination of the Energy Gap

To determine the nature of the optical transitions, the optical absorption study was performed for
pp—GT thin films. The optical absorption coefficient data were obtained from UV—Vis spectroscopy
measurements. The optical absorption dependence of photon energy is expressed by the following
relationship [39]:

ahv = A(hv — E;)™ (2)

where A4 is an energy-independent constant, Eg is the optical band gap and m is a constant which is
connected to the density-of-states distribution in the transport gap in the band tails and thus
determines the type of transition (m = 1/2 and 3/2 for direct allowed and forbidden transitions,
respectively, m = 2 and 3 for indirect allowed and forbidden transitions, respectively) [39].

The optical absorption coefficient data obtained from UV-Vis spectroscopy measurements were
converted to a Tauc plot using a MATLAB program. In that curve, a value of m = 3/2 was employed
for all the pp—GT thin films studied, as this value provided the most linear plot, indicating direct
forbidden transitions. The indirect process is much slower than the direct transitions as it requires
three entities to intersect in order to proceed: an electron, a photon, and a phonon. Materials showing
direct transition are therefore much more efficient than materials that show indirect transition.
Gallium arsenide (GaAs) and other direct band gap materials are used in optical devices, such as
LEDs and lasers, whereas Si that is an indirect band gap material is not used. This study shows that
pp—GT, having direct transition has the potential to be used in different optical devices. The optical
band gap values (Table 2) remained between 3.14 eV and 3.01 eV, falling within the insulating
region of Eg. The pp—GT thin films can therefore be used as insulators for the application of flexible
coating on electrical apparatus (e.g., printed circuit board, high voltage systems, circuit breakers, ezc.).
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Table 2. Optical bandgap of pp—GT thin films for m = 3/2.

RF power (W) E; (eV)

10 3.14
25 3.08
50 3.07
75 3.01

3.5. Surface Morphology

The surface profile of pp—GT thin films fabricated at various input RF power levels were studied
to examine surface defects and roughness The topographical features of the investigated films

deposited on glass surfaces are shown in Figure 5.

Figure 5. AFM images of pp—GT thin films fabricated at 10, 25, 50, and 75 W input RF power levels.
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From this study, pp—GT thin films are found to be smooth, uniform and defect-free, exhibiting
consistent morphology across film samples. Average roughness values for all samples were
approximately 0.3 nm. These roughness values were in agreement with the roughness values found
by means of spectroscopic ellipsometry. I Surfaces with RMS roughness values below 0.5 nm have
an insignificant effect on its surface and chemical properties and performance [40]. Considering this
and the determined roughness of 0.3 nm, the polymerization reactions are confirmed to take place
mostly on the surface of the glass substrate rather than in the gas phase [41].

Beside the conventional roughness parameters Ra and Ry, the statistical parameters, such as Rs
(skewness) and R (kurtosis), were determined for the pp—GT thin films. Rwr 1s a quantitative
measure of the kurtosis, which is defined as the randomness of profile heights that determines whether
the data sets are peaked or flat relative to a normal distribution. Rx. values can range from 0 to 8.
Surfaces with distinct peaks that decline rather rapidly and have heavy tails exhibit high values;
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whereas rough surfaces with flat top near the mean possess lower values. The pp—GT thin film
fabricated at 10 W has lower value of Ru (Table 3), whereas sharp peaks and heavier tails are found
for samples fabricated at higher RF power levels (Figure 5) that have relatively high values
of R (Table 3). A surface skewness (Rs) greater than 0 is observed for pp—GT films, i.e., the
predominance of disproportionate number of peak-like surface features. Furthermore, it was observed
that the 75 and 50 W samples have smaller and tapered features (narrow curves) while the 25 and
10 W samples have broad curves. Furthermore, decrease in entropy indicates the surface flatness,
i.e., reduction of growth of pores at higher RF power levels [42]. Because of this behavior, Rmms and
Ra values decreased with increase of RF power. However, higher deposition rate of pp—GT resulted
in an increase in the surface roughness values due to the fact that the particles in the growth region
were unable to relax fast enough before the next layer of the film is deposited [43]. These surface
analysis results clearly indicate the difference between the peak distributions for pp—GT samples
fabricated at different RF power that may affect the wettability. Uniformity of films is also confirmed
from the analysis, which indicates the less prone to fracture characteristics of the pp—GT films.

Table 3. Roughness parameters of pp—GT thin films.

Roughness parameters 10 W 25 W 50 W 75 W
Maximum peak height R, (nm) 4.48 2.38 2.16 2.15
Average roughness R, (nm) 0.30 0.28 0.25 0.21
Root mean square R, (nm) 0.39 0.34 0.32 0.30
Surface skewness R 0.32 0.22 0.14 0.08
Coefficient of kurtosis Ry 0.06 0.54 0.63 0.77
Entropy 6.12 4.5 3.9 3.56

Surface morphology can also be described in relation to the wetting behavior of the plasma films.
Surface roughness generally enhances the hydrophilicity [44]. For pp—GT thin films, the decrease in
roughness values with higher deposition power is therefore considered to contribute to the increased
hydrophobicity of the surface. Smooth surfaces with greater hydrophobicity are vital for optical and
electrical applications, and also for implementing as coating materials for surface protection or
buffer layers [45].

3.6. Nanoindentation

Mechanical properties of pp—GT deposited under different RF power conditions were investigated
using a single indentation method and a load - partial unload technique. A series of indentations
were made in the films with depths ranging from 221.5 nm to 207.2 nm depending on the thickness
of the film. Illustrative single indentation curves from 2 um thick pp—GT film fabricated at 10 W is
presented in Figure 6.

The load-unload curve (Figure 6) shows the typical behavior of pp—GT thin films undergoing a
nanoindentation test. The initial slope of the unloading process is used to deduce the reduced elastic
modulus of the material at the specific contact depth, /.. There are a number of pop-ins in the curve
initially and this phenomenon may be attributed to micro-cracking or dislocation nucleation and/or
propagation during loading as have been investigated in a wide variety of materials [46].
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Figure 6. Load—displacement diagram of pp—GT thin film fabricated at 10 W.
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The elastic moduli and hardness of different pp—GT thin film samples increased with the
increasing RF power as seen from Table 4. Elastic modulus of pp—GT thin film fabricated at 10 W
is 4.22 GPa, while film fabricated at 75 W reaches an elastic modulus of 5.96 GPa. Increase in
modulus is also observed with decreasing /.. This may be due to the transition from spherical contact
to conical contact behavior occurred at 4. = indenter radius/4 for the Berkovich indenter used in the
study [47]. Data at lower depths should be treated with caution as the contact modulus measured
varies considerably with tip radius under spherical contact conditions. Hardness of pp—GT thin films
also follows the same trend as elastic modulus. The hardness of the materials increases with increase
in input RF power and this can be attributed to the higher crosslinking of the polymers fabricated at
higher power levels [22]. This results in an increase in resistance against sample deformation.
Increase of elastic modulus and hardness with increasing RF power has also been reported in other
materials such as linalyl acetate [26]. However, it should be noted that several sources of error may
exist in these experiments, which may include the relative non-uniformity of the indent (e.g., pile-up
and sink-in phenomena) observed on some samples, and difficulties in precise estimation of the
indent area (e.g., possible overestimation in the case of pile-up and underestimation due to sink-in
features), respective influences of material properties and sample thicknesses and creep [48]. In
addition, artifacts and tip effects affecting the precision of the measurement may possibly be imaged
due to the usage of same tip for the actual indentation process and imaging. In a nanoindentation test,
very often the stress relaxation is observed at the maximum load during unloading process. This is
due to the large strain beneath indenter and the large strain rate at this point (since the loading rate
is usually finite during the experiment). Moreover, sudden withdraw of indenter causes oscillations
in measurement whereas holding at maximum load may lead to uncertainties in the measured
quantities [48]. In addition, the initial portion of unloading is more prone to thermal drift than the
loading curve. The values presented in Table 4 are therefore indicative of the evolution of the hardness
properties of pp—GT thin films under changing fabrication conditions and may quantitatively differ
from the actual material properties due to aforementioned measurement bounds.
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Table 4. Hardness parameters of pp—GT thin films.

RF power Contact depth, Hardness, Final depth, Elastic modulus,
W) h. (nm) H + SE (GPa) ht (nm) E (GPa)
10 221.5 0.40 +0.01 137.90 4.22
25 218.3 0.46 +0.02 102.53 4.61
50 211.7 0.51+0.02 83.60 4.90
75 207.2 0.58 £ 0.03 69.76 5.96

Loading time and holding time have significant effect on the indentation behavior of pp—GT thin
films. To investigate these effects, single indentations were performed on samples deposited at 75 W
at constant load of 1000 uN. Figure 7 shows typical repeat single indentation profiles under increasing
indentation load of pp—GT film deposited at 75 W. Hardness value decreased from 0.57 GPa to 0.53 GPa
with increasing loading and unloading time with rates () ranging from 0.5 to 20 nm/s. As creep
deformation taking place during the holding time influences the contact depth at maximum load, the
hardness values obtained using these maximum contact depth estimates will also be affected [24].
Moreover, the holding time at maximum load affects the unloading portion of the load displacement
curve. In this study, an increase in the hold time showed a decrease in the positive slope value of the
material. The relationship of decrease in this slope of unloading in the load-displacement curve and
modulus of the pp—GT thin films can be explained by the following equation [49]:

ap 2
§=—r= \/—EE*\/Z (3)

The decrease in the slope value means decrease in the dP/ds value that leads to a decrease in
modulus value. Further increase in hold time increases the indentation depth of the indenter tip on the
thin film surface, which leads to increase in contact area of the indenter with the film. The increase in
the contact area decreases the hardness of the film. In the case of pp—GT thin films, increasing the
hold time from 5 to 25 s at constant load of 500 pN resulted in a decrease in the calculated hardness
from 0.59 to 0.53 GPa.

To extend the capabilities of quasistatic testing to allow depth profiling of pp—GT thin films,
the partial unloading (PUL) technique was used. This investigation revealed that at depths below 190 nm
(2 um thick pp—GT film), the depth profile of the hardness follows a trend similar to that determined
using the single indentation approach. The hardness of the system gradually increases above
approximately 190 nm due to the stress field no longer being contained within the body of the thin film.

3.7. Adhesion Study

The adhesion behavior of pp—GT thin films deposited on glass is presented in Figure 8. The
adhesion improved with higher deposition power. Films fabricated at 10 W showed 5%—15%
delamination. However, films fabricated at 50 and 75 W showed no delamination effect with a higher
cross hatch rating.
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Figure 7. Typical AFM image of plastic impressions remaining in pp—GT sample
fabricated at 75 W after indentation under different load conditions.
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The optical image acquired using the microscope and CCD camera for the 10 W sample showed a

significant amount of deformation occurred to the sample upon applying and consequent removal

of the adhesive tape. For the thin films deposited at 25 W, the areas that were not affected by the

tape test appeared uniform and with the increasing of RF power, this uniformity increased. This

trend is attributed to the interfacial bonding that is improved by an increase in cross-link density

associated with increasing applied RF power. These findings provide an insight into the reliability of
the pp—GT films.
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Figure 8. Adhesion data for pp—GT thin films at 10, 25, 50, and 75 W.
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4. Conclusions

The basic optical properties and optical constants of the pp—GT thin films were investigated by
means of spectroscopic ellipsometry and UV-Vis spectroscopy. The optical constants such as the
refractive index (n), extinction coefficient (k), and optical band gap were determined. The films are
confirmed as optically transparent and independent of RF power. The refractive index and extinction
coefficient of the pp—GT thin films demonstrated very little dependence on RF power and film
thickness. The optical absorption spectra showed that the absorption mechanism is a direct transition.
The independence of the refractive index on the RF power level demonstrates the pp—GT thin films
as an impending optically stable material for optical applications.

AFM investigation demonstrated that the pp—GT films were smooth, uniform and defect-free.
The average roughness parameter decreased with increasing RF power (0.30 for 10 W and 0.21 for
75 W). In the nanoindentation study, combined effects of loading rate and holding time were
investigated. For the load rates and hold time considered, pp—GT thin films were found to be a
function of both the variables. The unloading portion of the load-displacement curve was found to
be strongly dependent on the holding time. The hardness increased from 0.40 GPa for 10 W to
0.58 GPa for 75 W at a load of 700 uN. Elastic modulus of pp—GT thin film fabricated at 10 W was
found to be 4.22 GPa, while elastic modulus of 5.96 GPa was found for 75 W film. An adhesion
study established that the quality of adhesion is improved for samples fabricated at higher RF power,
while the films produced at low RF power adhered poorly to the substrates. These studies demonstrate
that the pp—GT polymer is a potential candidate for thin film applications in flexible electronics and
OPYV that entail smooth and uniform surfaces.
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Chapter 4

Morphology, Electrical Performance and Potentiometry of
PDIF-CN; Thin-Film Transistors on HMDS-Treated and
Bare Silicon Dioxide

Fabio Chiarella, Mario Barra, Laura Ricciotti, Alberto Aloisio and Antonio Cassinese

Abstract: In this work, the electrical response of n-type organic field-effect transistors, achieved
by evaporating PDIF-CN2 films on both bare and Hexamethyldisilazane (HMDS) treated SiO:
substrates, was investigated by standard electrical characterization and potentiometry. Morphological
and charge transport characterizations demonstrated that the hydrophobic degree of the substrate
surface has a huge impact on the final response of the devices. The PDIF-CN2 transistors on
HMDS-treated substrates show a maximum mobility of 0.7 cm?/Volt's, three orders of magnitude
greater than in the case of the device without surface functionalization. The scanning Kelvin
probe microscopy technique was used to perform surface potentiometry to image the local surface
potential inside the channel during the transistor operation and has allowed us to identify the film
morphological disorder as the primary factor that could compromise the effectiveness of the charge
injection process from gold contacts to PDIF-CNz2 films. For optimized devices on HMDS-treated
substrates, SKPM was also used to analyze, over time, the evolution of the potential profile when
negative Vgs voltages were applied. The findings of these measurements are discussed taking into
account the role of Vgs-induced proton migration towards SiO2 bulk, in the operational stability of
the device.

Reprinted from Electronics. Cite as: Chiarella, F.; Barra, M.; Ricciotti, L.; Aloisio, A.; Cassinese, A.
Morphology, Electrical Performance and Potentiometry of PDIF-CN2 Thin-Film Transistors on
HMDS-Treated and Bare Silicon Dioxide. Electronics 2014, 3, 76-86.

1. Introduction

Organic field-effect transistors (OFET) are the key devices for the development of complex analog
and digital electronic circuits which, based on low-temperature processed organic semiconductors,
can be fabricated through cost-effective techniques [1]. Nowadays, owing to the results of a wide
number of accurate experiments, we are fully aware that the quality of the electrical response of an
OFET basically relies on the robustness of the charge transport processes taking place across and
along the interfaces separating the different device component parts. In particular, severe effects of
contact resistance can strongly compromise the device behavior in the presence of a non-optimized
charge injection condition. With regard to this last phenomenon, it can be largely dependent on the
matching of the Fermi level of the injecting electrode and the LUMO (Low Unoccupied Molecular
Orbital) or HOMO (High Occupied Molecular Orbital) level of the organic semiconductor, as well
as on the morphological order of the active channel in the proximity of the metal contact [2].
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At the same time, a crucial role is also played by the interface between the dielectric barrier and
the organic channel, where the charge motion occurs in a very thin region involving few molecular
layers [3]. Starting from this consideration, it becomes clear that the chemical and physical nature
of the dielectric/organic interface impacts extraordinarily on the final device performances, with
the possible occurrence of trapping processes, limiting the carrier mobility and contemporarily giving
rise to hysteresis and/or bias-stress effects (namely, the change over time of the drain-source Ips current
when the device is driven in the accumulation regime) [4,5].

In the recent past, time and spatial resolved scanning Kelvin probe microscopy (SKPM) allowed
us to gain detailed information about the basic mechanisms ruling the charge transport in the OFET [6].
In this context, specific attention was devoted to processes like trapping energy [7], dynamics of
trapping and detrapping [8], charge injection at the electrodes [9,10] and charge recombination
mechanisms [11]. The near totality of these reports was focused on p-type (hole-transporting)
organic transistors, while very little experimental data concerning SKPM experiments performed
on n-type (electron-transporting) OFET are still available today [12]. This occurrence is basically
due to the slowness with which organic semiconductors, displaying reliable electron-accumulation
effects, have been developed with respect to p-type compounds. Indeed, considerable research
has been necessary to synthesize conjugated compounds with contemporarily good self-assembling
properties and large electron affinity, thus making the formation of radical anions possible, with
sufficient insensitivity to oxidative processes by the ambient gases. In particular, within the last
10 years, Perylene diimide molecules functionalized with cyano groups in the bay regions (PDI_CY)
have emerged as a new class of n-type organic semiconductors, with highly stable electrical
performances under ambient conditions and effective charge injection from gold electrodes [13,14].
All these features are basically triggered by the low-lying LUMO levels (down to —4.5 eV) of these
compounds, which come from the presence of strong electron-withdrawing moieties in their
molecular structure.

Among the PDI_CY molecules, N,NO-1H,1H-perfluorobutyl-cyanoperylenediimide (PDIF-CN2)
is the compound displaying the highest electron mobility (1) both in form of thin film [15,16] and
single crystal [17,18]. In particular, PDIF-CN2 single-crystal devices have demonstrated p values
up to 6 cm?/Volt's, band-like transport features (namely, p increases in a range of temperatures
below room temperature) [19] and negligible bias stress effects [20]. On the other hand, very
recently, PDIF-CN2 thin-film transistors have also been shown to be able to operate steadily in
aqueous environments, opening a new perspective for the use of this compound in the development
of bio-sensing devices [21].

In this paper, we analyze the morphological and electrical properties of PDIF-CN:z films
deposited by Joule evaporation from Knudsen cells on SiOz substrates with different surface
properties. Our results clearly highlight that the self-assembling properties of PDIF-CN2 molecules
and the related electrical performances are strongly improved when hydrophobic surfaces are used
for the film growth. SKPM was then applied to investigate basic aspects concerning the charge
injection process in the PDIF-CN2 films and the poor operational stability of these devices when
operated for a prolonged time in the depletion regime.
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2. Experimental Section

PDIF-CN2 (Polyera Activink N1100) powder was purchased from POLYERA CORPORATION
and used without any further purification. Bottom-contact bottom-gate transistors were fabricated
by Joule evaporating PDIF-CN: films on multilayered substrates (Figure 1¢) composed of a 500 pm
thick layer of highly doped Silicon (Si™") acting both as gate and substrate, a 200 nm thin SiO2
dielectric barrier and, finally, interdigitated source/drain gold electrodes (about 130 nm high)
(W/L ratio was fixed to 550 where W is the channel width while L is the channel length). These
substrates had been recently used to successfully investigate the electrical response of both p- and
n-type molecules [22,23]. Bare substrates were inserted into the evaporation chamber after a basic
cleaning by ultrasonic baths in acetone and ethanol. Hexamethyldisilazane (HMDS) treated substrates
were obtained with a process lasting 7 days and described in detail in [21]. Water-contact angle
(6c) was about 60° for the bare substrates, while O6c was about 110° after the HMDS treatment,
index of the formation of a more hydrophobic surface. During the evaporation, both bare and
HMDS-treated substrates were kept at about 7sww = 90 °C by warming the entire deposition
chamber. The deposition rate was 0.5 nm/min and thickness was fixed to about 30 nm for all films
analyzed in this work.

Figure 1. Atomic force microscopy (AFM) images (size 5 x 5 um?) of PDIF-CN2 films
grown on (a) Hexamethyldisilazane (HMDS)-treated and (b) bare SiO2 substrates. In the
bottom panel (¢), we report a transversal sketch of the device.

= Gold contacts
= Organicfilm
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The morphological properties of the film surface were investigated by a XE100 Park AFM
operating in air with amplitude regulation and oscillating near the cantilever resonance frequency.
Images were acquired using silicon-doped cantilevers (resonance frequency around 300 KHz)
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provided by Nanosensor™. The same microscope was used to carry out the SKPM experiments in
air and at room temperature, employing conducting cantilevers (NSC14 Cr/Au, MikroMasch™,
resonance frequency around 170 KHz). These measurements were performed in a true non contact
mode and dual frequency mode, acquiring contemporarily topography and surface potential profiles.
We used an AC sinusoidal signal applied to the conductive tip at a frequency of 17 KHz as an
electrostatic probe. First harmonic amplitude of the electrostatic force generated by the potential
difference between tip and sample, was considered to perform local surface potential measurement [6].
The basic transistor characteristic curves were measured in vacuum (10™* mbar) and darkness
using a Janis probe station, connected to a Keithley 2612A Dual-Channel system source-meter
instrument. Mobility values were extracted by using the standard MOSFET equations [24].

3. Results and Discussion

AFM images in Figure 1 report the surface morphology of PDIF-CN: films evaporated on
bare and HMDS-treated substrates, setting the substrate temperature (7sub) at 90 °C. As shown, the
film microstructure is strongly affected by the SiO2 functionalization. In particular, on the bare
substrates (Figure 1b), the films show a poor morphological order, being composed of small and
rounded grains with a lateral size lower than 100 nm. On the other hand, on HMDS substrates
(Figure 1a), the long-range order appears to be considerably improved and the films are characterized
by the presence of larger circular islands, with diameters approaching 1 pum in the best cases.
Moreover, the film surface displays a well-defined terraced structure with molecular steps close to
2 nm, in agreement with previous reports [25], which may indicate an alignment of the long axis of
the molecules close to the direction perpendicular to the substrate.

The electrical responses measured for the PDIF-CNz transistors demonstrate a clear correlation
between the film morphological properties and the related charge transport performance. First of
all, the output curves reported in Figure 2a for a PDIF-CN2 transistor fabricated on bare SiO2
substrate, evidence the occurrence of peculiar and not ideal electrical features. Indeed, although the
current behavior in the low Vps (<10 V) region seems apparently linear, all the Ips current curves
overlap for Vs higher than 10 V and no further current modulation is observable.

The transfer-curves reported in Figure 2b,c in the linear and saturation regimes, respectively,
confirm the poor electrical performances of this class of devices. In particular, besides the presence
of a large hysteresis, the transfer-curve in the linear regime again makes clear that, under the
application of small V'bs voltages and for Vas exceeding 10 V, the device is not able to work properly,
since the Ips current reaches a constant value that Vgs is no longer able to modulate.

The inability to further control the channel conductance could be ascribed to the detrimental
action of very large contact resistances (Rc) at the source and drain electrodes, which, because of
their weak dependence on VGs, are able to completely dominate the device electrical response in
the full accumulation region [26-28].
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Figure 2. (a) Output curves and transfer-curves in (b) linear (Vps = 5 V) and
(¢) saturation regions (Vps = 50 V) for a PDIF-CN: transistor deposited on bare SiO>
substrate. (d) Output curves and transfer-curves in (e) linear (Jps = 5 V) and
(f) saturation (Vps = 50 V) regions for a PDIF-CN: transistor deposited on
HMDS-treated SiO2 substrate. In the insets, we show data in a semi-log plot where the
current scale is Ampere and the voltage scale is Volt.
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To find an experimental confirmation regarding the Rc role in the electrical behavior of these
PDIF-CN: transistors, we carried out SKPM measurements acquiring the potential profile along a
line across the channel of the device in operation with Vs grounded and Vps < 10 V (in the
specific, 4.5 Volt for not treated device and 7 Volt for the HMDS-treated one). In these driving
conditions, the device works in the linear regime (see the output curve at Vgs = 0 V in Figure 2a).
Figure 3 depicts the measured potential profile in the transistor channel. As shown, while the
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potential follows the predicted linear behavior in the central part of the channel, a large drop (AVs
~ 1.4 V) appears in the film region (about 2 um long) close the source electrode. In contrast, only
a very small drop of about AVp ~ 0.1 V can be detected near the drain electrode. This experimental
finding reveals that the contact resistance effect is related exclusively to the charge injection
process taking place at the source contact and, hence, the Rc value can be simply evaluated by
dividing (AVs) for the current flowing in the channel (/ps = 0.44 pA), achieving about 3 MQ. This
value seems to confirm the idea that the device resistance (usually in the range between 3 and
5 MQ) measured in the Vgs-independent current region (Vgs > 10 V in the transfer-curves), as
reported in Figure 2, is completely determined by the contact resistance contribution.

Figure 3. Surface potential profile measured by scanning Kelvin probe microscopy
(SKPM) across the channel. The colored areas indicate drain (blue light) and source
(red light) contacts.
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In the saturation regime, the role of contact resistance is still clearly visible and the related
transfer-curve shows that the Ips slope strongly reduces at increasing Vgs. Here, the maximum
trans-conductance (gm = dIps/dVs) does not exceed 0.8 uS, while a rough estimation of the charge
carrier mobility using the MOSFET equations gives a value of 0.002 cm?/Volt-s. Significantly (see
the semi-log plots in the inset of Figure 2b,c), the Ibps starts flowing in the channel for highly
negative Vs, usually comprised between —30 V and —40 V. These Vas values are usually defined
as the onset voltages (Von) of the transistor and, for PDIF-CN2 films on bare SiO: substrates,
they are even more negative than the corresponding values measured for the parent compound
PDI8S-CNz2 on the same type of SiO2 surface [29]. This occurrence supports the hypothesis that the
negative Von in the PDI_CY-based transistors is related to unintentional charge doping effects given
by the interaction between the perylene molecules and water molecules absorbed on the substrate
surface [29,30]. On the basis of this concept, the larger the electron affinity of the n-type compounds
the more negative will be the Von values.
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Due to the improved morphological order, PDIF-CNz2 transistors fabricated on HMDS-treated
substrates exhibit noticeably improved electrical performances (Figure 2d—f), and no potential drop
related to the Rc effects is appreciable in the SKPM profile reported in Figure 3. In general, the
electrical behavior of these devices follows the predictions of the ideal MOSFET model very
closely, with the absence of significant hysteresis phenomena.

Mobility values extracted from the curves in the saturation regime are distributed on a
homogeneous set of 23 samples, around a mean value of (0.37 £ 0.19) cm?/Volt-s. For one device,
we measured a mobility of 0.71 cm?/Volt's which exceeds the highest value ever reported for
an evaporated PDIF-CN: thin-film transistor [13]. In several cases, the maximum Ips current
measured in the saturation regime was higher than 4 mA, while the trans-conductance (gm) came
close to the value of 0.2 mS in the best case. It is significant to outline that, according to the
experimental data so far reported in literature, mobility values higher than 0.3 cm?/Volt-s have been
measured only for films evaporated with 7su, ~ 130 °C [14]. Since this temperature is considerably
higher than that (7sww = 90 °C) used in this work, we consider that the mobility enhancement
obtained in our growth conditions is basically due to the quality of the adopted HMDS treatment,
making the SiO: surface highly hydrophobic with a water contact angle 0. close to 110°. The impact of
the HMDS surface coverage level on the response of the final transistor was already stressed in
[14]. Considering the effect of the SiO2 functionalization on the electrical behavior of the analyzed
PDIF-CNz: transistors, it can be also concluded that the contact resistance effect observed for the
devices fabricated on bare substrates must be mainly related to the poor structural order of the
related films. However, a degradation effect of the injection process, associated to the water electrolysis
phenomenon occurring on the metallic surface of the gold source electrode and the consequent
protonization of the silanol groups on silicon surface closed to the source electrode, cannot be
excluded [4].

Besides the strong influence on mobility and Rc effects, HMDS-treatment also provided a Von
shift toward the ideal 0 V, similar to what had recently been observed for PDI§-CN2 devices [29].
This evidence is in agreement with the aforementioned discussion about the role of water molecules
absorbed on the Si0: surface in the Von determination. For most of the pristine PDIF-CN2 devices
on HMDS, Von was found to range between —10 and —5 V. However, we also observed that
these values can be largely modified during the device operation and, in particular, when the
transfer-curves are recorded continuously in air for long periods. More specifically, it was found
that a prolonged application of negative Vas voltages is able to induce a considerable shift of the
Von values towards more negative values. This phenomenon had already been reported for
PDIS-CNz inkjet-printed OFET and is probably common to n-type devices based on organic
semiconductors which have a large electron affinity [30].

While the effect of a continuous application of Vas (positive for n-type OFET) driving the
devices into the accumulation regime (i.e., the so-called bias stress effect) can be analyzed in a
direct manner through the observation of the /ps(z) behavior, it becomes much more difficult to
investigate the time evolution of the device response in the depletion regime, where the /ps current
is very low. To approach this interesting task, we have performed SKPM with Vgs = —20 V and
Vps = 7.5 V along a line across the channel for a time of 10 min. We observe (Figure 4) the

presence of a vale in the potential profile inhibiting electron injection for this n-type device.
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As shown, this potential well gradually tends to disappear over the time scale of ten minutes,
causing the device to move from the depletion regime to that of accumulation and the consequent
Von shift. We observe that this time is much shorter than the typical time of recovery as already
observed for PDIS-CN2 [29]. This phenomenon agrees very well with the predictions of the so-called
proton migration model, which was introduced originally for p-type devices [5] based on SiO2 gate
dielectric and then applied, in a modified version, also to n-type transistors [29]. According to this
model, under the application of a negative gate voltage, H" protons, which are present on the SiO2
surface because of acidification produced by water, can rapidly migrate toward the SiO2 bulk. In
this way, as observed in our SKPM measurements, the potential well is gradually screened by the
increase of the positive charges localized inside the dielectric.

Figure 4. (top panel) Time evolution of the potential along a line across the channel,
the upper bar is the chromatic scale for the potential values; (middle panel) graph of
potential of two specific lines at the beginning (red lines) and the end (green lines)
of the experiment, the arrow indicates increasing time; (bottom panel) topographic
profile of the channel acquired contemporarily with potentiometric measure. Vertical
dashed lines are guides for eyes to indicate where the gold contacts finish.
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4. Conclusions

In conclusion, the experimental work here reported demonstrates that the growth of PDIF-CN2
molecules is extremely sensitive on the hydrophobicity degree of the substrate surface. Indeed,
while PDIF-CNz2 films on HMDS-treated substrates are characterized by a poly-crystalline structure
with a long-range morphological order, very small rounded grains with random spatial orientation
characterize the microstructure of PDIF-CN: films deposited on bare SiO: substrates. Consequently,
the electrical response of these latter devices results to be very poor with p not exceeding
107 ¢cm*Volt's and huge contact resistance effects. On the contrary, charge carrier mobility
extracted for PDIF-CN2 transistors grown on HMDS-treated SiO2 surfaces has a mean value of
about (0.37 £ 0.19) cm?/Volt-s. The highest mobility value measured in this work for a PDIF-CN:
transistor was higher than 0.7 cm?/Volt-s, which is among the best results ever reported in literature
for n-type thin-film transistors. HMDS treatment was found also to shift toward positive values the
Von voltages by more than 20 V, approaching in some cases the ideal Von = 0 V condition. In any
case, the time stability of the Von values during the device operation remains an open issue also for
the transistors fabricated on hydrophobic SiO:z surfaces. In particular, SKPM measurements reveal
that the prolonged (of the order of minutes) application of negative Vgs is able to change dramatically
the channel conducting properties moving rapidly the device from depletion working regime to
saturation regime. Further investigation will be needed to further clarify the mechanisms ruling this
operational instability in high-mobility PDIF-CN2 transistors.
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Chapter 5

The Effects of Different Electron-Phonon Couplings on
the Spectral and Transport Properties of Small Molecule
Single-Crystal Organic Semiconductors

Carmine Antonio Perroni, Fernando Gargiulo, Alberto Nocera ,
Vincenzo Marigliano Ramaglia and Vittorio Cataudella

Abstract: Spectral and transport properties of small molecule single-crystal organic semiconductors
have been theoretically analyzed focusing on oligoacenes, in particular on the series from
naphthalene to rubrene and pentacene, aiming to show that the inclusion of different electron-phonon
couplings is of paramount importance to interpret accurately the properties of prototype organic
semiconductors.  While in the case of rubrene, the coupling between charge carriers and
low frequency inter-molecular modes is sufficient for a satisfactory description of spectral and
transport properties, the inclusion of electron coupling to both low-frequency inter-molecular
and high-frequency intra-molecular vibrational modes is needed to account for the temperature
dependence of transport properties in smaller oligoacenes. For rubrene, a very accurate analysis
in the relevant experimental configuration has allowed for the clarification of the origin of
the temperature-dependent mobility observed in these organic semiconductors. With increasing
temperature, the chemical potential moves into the tail of the density of states corresponding to
localized states, but this is not enough to drive the system into an insulating state. The mobility along
different crystallographic directions has been calculated, including vertex corrections that give rise
to a transport lifetime one order of magnitude smaller than the spectral lifetime of the states involved
in the transport mechanism. The mobility always exhibits a power-law behavior as a function of
temperature, in agreement with experiments in rubrene. In systems gated with polarizable dielectrics,
the electron coupling to interface vibrational modes of the gate has to be included in addition to the
intrinsic electron-phonon interaction. While the intrinsic bulk electron-phonon interaction affects the
behavior of mobility in the coherent regime below room temperature, the coupling with interface
modes is dominant for the activated high temperature contribution of localized polarons. Finally,
the effects of a weak disorder largely increase the activation energies of mobility and induce the
small polaron formation at lower values of electron-phonon couplings in the experimentally relevant

temperature window.
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1. Introduction

In recent years, the interest in plastic electronics has grown considerably. The realization
of devices, such as organic field-effect transistors (OFETs), represents a key step in this field.
Single-crystal OFETs made of ultra-pure small molecule semiconductors are characterized by
mobilities up to one order of magnitude larger then those typical of thin film transistors [1]. The
most promising are those based on oligoacenes, such as pentacene and rubrene, which exhibit a
strong anisotropy and the largest mobility measured in organic semiconductors [2].

In spite of many applications based on such devices, the intrinsic transport mechanism
acting in high mobility organic semiconductors is not fully understood. Transport measurements
from 100 K to room temperature in single crystal semiconductors, such as rubrene, show a
behavior of the charge carrier mobility p that can be defined as band-like (1 oc T~7, with the
exponent, 7, close to two), similar to that observed in crystalline inorganic semiconductors [2].
However, the order of magnitude of mobility is much smaller than that of pure inorganic
semiconductors, and the mean free path for the carriers has been theoretically estimated
to be comparable with the molecular separation at room temperature [3]. Therefore, the
Ioffe—Regel limit is reached with increasing temperature. Moreover, in some systems, starting
from room temperature, a crossover from band-like to activated hopping behavior can take
place [4-6]. The crossover has been interpreted as being due to the formation of the polaron,
that is the quasi-particle formed by the electron (or hole) and the surrounding phonon cloud [7].
For example, in naphthalene and anthracene, while the mobility along the a- and b-axis shows
only a slight change with the temperature, that along the c-axis is characterized by a temperature
activated behavior at higher temperature with an energy barrier of the order of 15 meV [8-10]. The
experimental data in these compounds suggest that the coherent band transport is gradually destroyed
and the transport due to polaron hopping evolves as a parallel channel dominating at sufficiently high
temperature (which can be larger than room temperature) [8—10].

In systems with polarizable gates, the scaling laws of the mobility as a function of the dielectric
constant of solid [11,12] and liquid [13] gates have been discovered, pointing out that the nearby
dielectric has a strong influence. Actually, if the difference between the dielectric constant of the
organic semiconductor and of the gate is small, at temperatures close or higher than 100 K, the
mobility, u, of these systems exhibits the power-law band-like behavior. On the other hand, if the
dielectric constant mismatch is high, an activated insulating behavior is found with much smaller
values of mobility at room temperature [12]. A possible explanation of this behavior is that the
injected charge carriers undergo a polaronic localization, due to the interaction with modes at the
interface with the polarizable dielectric gate [12,14].

Extended vs. localized features of charge carriers appear also in spectroscopic observations.
Angle-resolved photoemission spectroscopy (ARPES) supports the extended character of
states [15—-17], showing that the quasi-particle energy dispersion does exhibit a weak mass
renormalization, even if the width of the peaks of the spectral function increases significantly with
temperature. For pentacene, the bandwidth is reduced only by about 15%, going from 75 K to 300
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K, indicating moderate values of electron-phonon coupling. On the other hand, some spectroscopic
probes, such as electron spin resonance (ESR) [18,19], THz [20], and modulated spectroscopy [21]
are in favor of states localized within a few molecules. Actually, in rubrene and in pentacene, to
ascribe the presence of localized features to small polarons is not likely, since the electron-phonon
coupling is not large enough to justify the polaron formation [4]. Therefore, one of the main
theoretical problems is to conciliate band-like with localized features of charge carriers [22].

First-principle calculations have pointed out that charge carriers are affected by the coupling
to inter-molecular modes with low frequency in comparison with typical electron hopping [4,23].
A model that is to some extent close to the Su—Schrieffer—Heeger (SSH) [24] Hamiltonian has been
recently introduced to take into account this interaction [22]. It is a minimal one-dimensional (1D)
system, valid for the most conductive crystal axis of high mobility systems, where the effect of
the electron-phonon coupling is reduced to a modulation of the transfer integral [25]. A dynamic
approach where vibrational modes are treated as classical variables has been used in 1D and in a
recent generalization to two dimensions (2D) [26]. Within this method, the temperature dependence
of the computed mobility is in agreement with experimental results. However, the role of the
dimensionality of the system is not clear: in fact, in the 1D case, one has i o< T2, while, in
the 2D case, the decrease of the mobility with temperature is intermediate between 1 oc 72 and
i oc T—1. In any case, the computed mobility is larger than that measured (at least by a factor of
two). Moreover, the dynamics of only one charge particle is studied, neglecting completely the role
of the chemical potential. Finally, the effects on charge carrier dynamics due to the coupling with
vibrational modes are included in an approximate way [27], and the corresponding coupled dynamics
do not recover the right thermal equilibrium on long times.

Recently, the transport properties of the 1D SSH model have been analyzed within a different
adiabatic approach [28], mapping the problem onto that of a single quantum particle in a random
potential (the generalized Anderson problem [29]). Very recently, some of us have made a systematic
study of this 1D model, including the vertex corrections into the calculation of the mobility [30].
While finite frequency quantities are properly calculated in this 1D model, the inclusion of vertex
corrections leads to a vanishing mobility, unless an ad-hoc broadening of the energy eigenvalues
is assumed.

It is clear that 1D adiabatic models suffer from severe limitations, of which the main one is that
electronic states are always localized [29]. Moreover, features, such as band anisotropy and small
but, finite carrier density, are necessary for a correct description of the systems. Therefore, in this
review, we first analyze a generic three-dimensional (3D) model, such as the anisotropic Holstein
model [31], in order to discuss the relevant issue of the band anisotropy at finite carrier density. This
model is studied within the adiabatic approach focusing on the weak to intermediate el-ph coupling
regime, which is relevant for high-mobility organic semiconductors [32]. Next, we analyze a realistic
model for rubrene, which represents an extension of the 1D SSH model to the quasi 2D case, since
this is the relevant geometry for OFETs [33].

Spectral and transport properties calculated within these two models are discussed in this review.

The spectral functions show peaks, which are weakly renormalized in comparison with those of the
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bare bands. However, with increasing temperature, the width of the spectral functions gets larger
and larger, making the quasi-particles less defined. The marked width of the spectral functions gives
rise to densities of state with a low energy exponential tail increasing with temperature. At low
temperatures, this tail corresponds to localized states and gives rough indications for the energy
position of the mobility edge. With increasing temperature, in the regime of low carrier doping
appropriate to most OFETs, the chemical potential always enters the energy region of the tail. The
features of the spectral function and the behavior of the chemical potential allow one to reconcile
the band-like description (ARPES data) with the finding that charge carriers appear more localized
at high temperature (ESR and modulated spectroscopy data). The study of spectral properties also
clarifies that the states that mainly contribute to the conduction process have low momentum and
are not at the chemical potential. The mobility, y, is studied as a function of the electron-phonon
coupling, the temperature and particle density. Not only the order of magnitude and the anisotropy
ratio between different directions are in agreement with experimental observations, but also the
temperature dependence of p is correctly reproduced in the model for rubrene, since it scales as a
power law 77, with - close or larger than two. The inclusion of vertex corrections in the calculation
of the mobility is relevant, in particular, to get a transport lifetime one order smaller than the spectral
lifetime of the states involved in the transport mechanism. Moreover, with increasing temperature,
the Ioffe—Regel limit is reached, since the contribution of itinerant states to the conduction becomes
less and less relevant.

Ab initio calculations have clarified that charge carriers in organic semiconductors are not only
coupled to low frequency inter-molecular modes, but also to intra-molecular modes with high
frequency in comparison with typical electron hopping [4,34,35] (see Figure 1 for a sketch in a
naphthalene crystal). An important point is that the reorganization energy (related to the polaron
binding energy) decreases with increasing the number of benzene rings in oligoacenes (for example,
going from naphthalene to pentacene). In order to fully explore the effects of the different modes
on prototype single crystal organic semiconductors, such as oligoacenes, a model with intermediate
coupling to both intra- and inter-molecular modes is analyzed in this review [36]. We will show
that the interplay between local and non-local electron-phonon interactions is able to provide a very
accurate description of the mobility and to shed light on the intricate mechanism of band narrowing
with increasing temperature [17].

When the organic semiconductor is grown on a polarizable gate, it is important to analyze
the effects of electron coupling to the surface vibrational modes of the gate at the interface with
the semiconductor mediated by a long-range electron-phonon interaction [37,38]. In this review,
we analyze a model that combines the effects of interface and intrinsic bulk electron-phonon
couplings on the transport properties at finite temperature. We show that the coupling to the
organic semiconductor bulk phonon modes affects the behavior of mobility below room temperature,
enhancing the coherent contribution, but it is ineffective on the incoherent small polaron contribution
dominated by the interface coupling at high temperatures.

In order to improve the modeling of organic semiconductors, the effect of a weak disorder,

due to bulk and interface traps, is included [37]. In particular, the interplay between long-range
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electron-phonon interactions and disorder effects is investigated within a model. The disorder effects
are able to enhance the hopping barriers of the activated mobility and to drive the small polaron
formation to lower values of electron-phonon interactions. We point out that disorder is a key factor
to get agreement with experimental data in rubrene OFETs grown on polarizable gate dielectrics,
such as of a T'a,O5 oxide [12].

Figure 1. Sketch of the interplay between low-frequency inter-molecular and
high-frequency intra-molecular vibrational modes in a crystal of naphthalene. The charge
carrier deforms the benzene ring when it is on the molecule. Moreover, the charge carrier

displaces two neighbor molecules when it jumps.

\d O

The paper is organized in the following way. In Section 2, the effects of electron coupling
to low frequency vibrational modes on the spectral and transport properties are discussed in
high-dimensional Holstein-like and SSH-like models. In Section 3, the effects of electron coupling
to both low frequency inter-molecular and high frequency intra-molecular modes on the spectral
and transport properties are investigated. In Section 4, the influence of gates made of polarizable
dielectrics and the interplay between electron-phonon couplings and disorder strength on the
transport properties are emphasized. In Section 5, conclusions and final discussions are given.

2. Effects of Low-Frequency Vibrational Modes

The anisotropy of the electronic properties is a key ingredient in the description of organic
semiconductors [31]. Therefore, in Subsection 2.1, we will introduce a simple anisotropic
tight-binding model, including a Holstein-like electron coupling, to low-frequency modes in order
to focus on the effects of the electronic structure. However, the results will be discussed later in
Subsection 2.4 in comparison with those obtained by a more detailed model based on inter-molecular
low frequency modes, which will be introduced in Subsection 2.2.
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2.1. Band Anisotropy

We assume the following model Hamiltonian:

2 2

o k=,

_ T R; R;
H=— § t5Ch Chas T E 5+ E 5 T Heppp, (1)

where {5 is the bare electron hopping toward the nearest neighbors 5, c%i and c are the charge

carrier creation and annihilation operators, respectively, relative to the site, ﬁl (of a cubic lattice
with parameter a for the Holstein model and of an orthorhombic lattice with constants a, b, ¢ for
the rubrene model of the next section), x 7 and p 7, are the oscillator displacement and momentum,
respectively, m the oscillator mass and & the elastic constant. In Equation (1), H,;_,, represents the
electron-phonon coupling term.

A simple model able to capture the anisotropy of the electronic properties of these materials is
the anisotropic Holstein Hamiltonian, which is generic for high mobility organic semiconductors,
such as oligoacenes [32]. This model assumes a cubic lattice with the following anisotropic
hopping integrals in Equation (1): ¢, ~ 100 meV, t, ~ 50 meV, ¢, ~ 20 meV. Moreover,
typical values of phonon frequency wy = \/lf/_m are of the order of 10meV, leading to a very
low adiabatic ratio v = wy/t, = 0.1 (adiabatic regime) [31]. Finally, we assume a very general
electron-phonon interaction inspired by the Holstein model [31,39,40]. Therefore, in Equation (1),
the electron-phonon Hamiltonian is:

_ I
Hey_ph = E T3.CR CR, 2)
R;

where « is the coupling constant controlling the link between the local electron density and lattice

displacement. The following dimensionless quantity, A:

042

4kt

3)

)\Hol -

correctly describes the strength of the electron-phonon coupling.

2.2. Inter-Molecular Vibrational Modes

In this section, we analyze the influence of the electron coupling of low-frequency inter-molecular
modes on the properties of small molecule organic semiconductors.

We consider a realistic quasi-2D model, which simulates the properties of rubrene [33].
Therefore, it not only includes the anisotropy of rubrene crystals (shared with many other small
molecule organic semiconductors), but also a more appropriate electron-phonon coupling. First,
we derive the effective low-energy electronic model, then the lattice parameters and the appropriate

electron-phonon interaction.
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Figure 2. (a) Molecular structure of rubrene. (b) Crystal structure along the (a,b)
crystallographic plane. The red lines denote the long axis of the molecule.
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Since we are mostly interested in dc conductivity and low-frequency spectral properties, we need
to determine an effective Hamiltonian for the electron degrees of freedom valid for low energy and
particle density. We start from the orthorhombic lattice of rubrene with two molecules per unit cell
(see Figure 2) and a, b, c lattice parameter lengths along the three crystallographic vectors of the
conventional cell [4]. We follow the ARPES experiments by Ding et al. [15] in order to extract
the transfer integrals of the highest occupied molecular orbital (HOMO) bands. The dispersion law
of the lowest HOMO is accurately fitted with nearest neighbor tight binding parameters for small
values of momentum providing the following estimates: ¢, = 118.6 meV and ¢, = 68.6 meV [33].
For t., there is no experimental measure, but theoretical estimates seem to agree that it has to be
small compared with other directions, owing to the large interplanar separation of rubrene. In the
following, we assume ¢. much smaller than ¢, and ¢, (in the following, we assume t. = 0.18 £,). The
total volume is V' = L, * L x L. and L; size along the axis ¢ = a, b, c. We consider two crystalline
layers along c, because in OFETs, the effective channel of conduction covers only a few planes [41].

In Equation (1), the whole lattice dynamics is ascribed to an effective phononic mode, whose
frequency wy = \/K/—M is assumed of the order of 5-6 meV [25]. This assumption provides the low
adiabatic ratio, hiwy /t, ~ 0.05 (adiabatic regime).

The electron-phonon interacton, H.;_,y, in Equation (1) is:
Hapn =Y o5 (25, = 05,5) O g, 0=0,0,C (4)
Ri5

where aj 18 the electron-phonon parameter controlling the effect of the ion displacements in the
direction, X, on the transfer integral. Once fixed, «,, we impose a;,/a, = t,,/t, and, in the same way,
a./a, = t./t,. The dimensionless quantity, \:

2

a
A=—2 5
4kt, )

is the relevant parameter to quantify the electron-phonon coupling strength. By comparing ab initio
calculations and the average properties of a simple 1D model, Troisi et al. provided an estimate of
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A >~ (0.087[25,42,43]. However, in our 3D model, the 1D estimate is not correct. Indeed, the hopping,
ty, is about half ¢, and the average kinetic energy is, then, larger with respect to the one-dimensional
case. In order to reproduce the same effective one-dimensional A, we have chosen the larger value
A =0.12.

In the following part of the section, we use units, such that the lattice parameter a = 1, the Planck
constant o = 1, the Boltzmann constant k3 = 1 and the electron charge e = 1.

2.3. Calculation Method

For the organic semiconductors studied in this paper, the adiabatic ratio is very low, implying that
the adiabatic limit is appropriate for studying low-frequency intermolecular modes. Consequently, it
is possible to adopt a semiclassical approach: the electron dynamics is fully quantum, while the ion
dynamics is assumed classical. This assumption will limit the temperature range where the results
can be considered valid; indeed, all the results are valid for temperatures 7' > wy ~ 100 K. Finally,
we will focus on the weak to intermediate electron-phonon regime that seems to be appropriate for
high mobility organic semiconductors [4].

Within the adiabatic regime, the calculation is equivalent to the classical problem of quantum
particles in the presence of an external disordered potential given by the ion displacements, {x 1%}’
and controlled by electron-phonon coupling. Each configuration of ion displacements is generated
according to the probability function of the P ({x R}})’ which has to be self-consistently calculated
as a function of electron-phonon coupling, temperature and particle density n = N,,/V, with N,
number of particles. The adiabatic approach has been also used for the study of molecular junctions
and carbon nanotubes at thermodynamical equilibrium and in non-equilibrium conditions [44—48].

In most OFETs, the induced doping is not high; therefore, in the following, we will focus
on the regime of low doping (up to n = 0.01). For this regime of parameters, the probability
function of the lattice displacements, P ({:v I3 }), shows very tiny deviations from the distribution of
free oscillators [30], which is therefore used in the following subsection. Quantities, like spectral
function, density of states and conductivity, are calculated through exact diagonalization of the
resulting electronic problem at fixed displacements {x ﬁi} and through the Monte-Carlo approach for
the integration over the distribution, P ({x I3 }) In the case of conductivity, for each configuration of
the lattice displacements, we calculate the exact Kubo formula [49]:

Re 00y @) (Tum D] =~ ) SN (=) [ 1 )8 (B — B+ )
r#£s

where p = a,b, ¢, f = 1/T and p, is the Fermi distribution:
1
1+ exp (B (B, — pp))

corresponding to the exact eigenvalue, £,, at any chemical potential, j,. Finally, (r|.J,|s) is the

(6)

Pr =

matrix element of the current operator, J,, along the direction, ¢,, defined as:

zZt ((5 ep) CL Ch.\§ (7)
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with:
ty(Ri) = t; — a5 (ur, —up,,5), 0=4ab¢ (8)

7

We notice that, in contrast with spectral properties, the temperature enters the calculation not
only through the displacement distribution, but also directly for each configuration through the Fermi
distributions, p,.. We point out that the current-current correlator is not evaluated at the lowest order as
the convolution of two single-particle Green functions, but the linear response conductivity is exactly
calculated within the Kubo formulation presented in Equation (7) [49]. Therefore, the numerical
calculation of the conductivity is able to include the vertex corrections (the terms in the correlator
beyond the convolution of two Green functions) discarded by previous approaches [49].

Finally, the mobility, p, is calculated as the ratio between zero-frequency conductivity and
carrier density:

)

Summarizing, the numerical method provides approximation-free results in the adiabatic regime.
The only limitation is due to the computational time being controlled by matrix diagonalization.

2.4. Results about Spectral and Transport Properties

Spectral and transport properties, studied within the two models based on Equation (1), will be
discussed in this subsection. The study of spectral properties is important to individuate the states that
mainly contribute to the conduction process. The spectral properties within the anisotropic Holstein
model bear strong resemblance with the rubrene model, so that we will discuss only this last model.

In Figure 3, we report the spectral function at momentum k = 0 for the model parameters of
rubrene. We point out that states close to k = 0 are weakly damped. Moreover, with increasing
temperature, the peak position of the spectral function is only poorly renormalized in comparison
with the bare one, in agreement with results of the 1D SSH model [30]. Therefore, these states keep
the itinerant character of the bare ones, and they will be involved in the diffusive conduction process
(see the discussion in the next paragraph). We notice that the spectral function at k = 0 is extremely
small at the chemical potential, /., for all the temperatures. For example, at 7' = 275 K, the spectral
weight is concentrated in an energy region higher than that in which the chemical potential is located
(pp = —3.74t, for n = 0.002). Actually, the spectral weight is mainly in the region between i, + 27
and p,, + 37

We have checked that the spectral functions with low momentum are more peaked, while, with
increasing k, they tend to broaden. The density of states (DOS) can be calculated as the sum of the
spectral functions, Ay, over all the momenta, k. The tail in the DOS is due to the marked width of
the high momentum spectral functions. In Figure 4, the DOS is shown for different temperatures
at A = 0.12 and n = 0.002. As shown in logarithmic scale, the DOS has a tail with a low energy
exponential behavior. This region corresponds to localized states [S0]. We have, indeed, checked,
analyzing the wave functions extracted from exact diagonalization, that, actually, states with energies
deep in the tail are strongly localized (one or two lattice parameters along the different directions as
the localization length). On the other hand, close to the shoulder (w ~ —3.4¢,; see Figure 4), the
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itinerant nature of states is clearly obtained. This analysis allows one to give an estimation for the
mobility edge energy (the energy that divides localized and itinerant states), which can be located

very close to the band edge, E., for free electrons (in our case, F/, = —3.52t,).

Figure 3. The spectral function (in units of 1/¢,) for the rubrene model at momentum
k = 0 as a function of the frequency (in units of ¢,/h) at A = 0.12 and n = 0.002
for different temperatures, T. We assume the hopping parameter ¢, = 0.18¢,, with
t, = 118.6 meV.
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Figure 4. The density of states (DOS) (in units of 1/t,) for the rubrene model as a
function of the frequency (in units of ¢,/h) at A = 0.12 and n = 0.002 for different
temperatures, T. The squares indicate the chemical potential, 1, (in units of ¢,) at fixed
temperature. [, (dot line, in units of ¢,) is the free electron band edge close to the
mobility edge. We assume the hopping parameter ¢, = 0.18¢,, with ¢, = 118.6 meV.
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The number of localized states available in the tail increases with temperature. It is important
to analyze the role played by the chemical potential, ji,, with varying the temperature. Actually, /i,
enters the energy tail and will penetrate into it with increasing temperature. At fixed particle density
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n = 0.002, for T' = 165 K, one has 1, = —3.49¢,, while, for T" = 330 K, p, = —3.88t, (see the
squares of Figure 4 for the values of the chemical potential). One important point is that the quantity,
E,., and the close mobility edge are significantly larger than p,. Therefore, in the regime of low
density relevant for OFETs, the itinerant states are not at ji,,, but at higher energies. We point out
that those are the states relevant for the conduction process. Therefore, the analysis of the properties
of a high-dimensional model points out that both localized and itinerant states are present in the
system. This is a clear advantage of our work over previous studies in low dimensionality [22,26,28]
in which all states are localized: more localized at very low energy and less localized close to the
free electron edge. Summarizing, in our system, with increasing temperature, all the states up to f,
become localized, and the itinerant states become statistically less effective, due to the behavior of
the chemical potential. Eventually, the effect of the penetration of y, in the tail, due to the Fermi
statistics, will overcome the effects of available itinerant states around £,.. We have checked that the
penetration of the chemical potential towards the energy region of the tail is enhanced with increasing
the electron-phonon coupling.

We devote the last part of the subsection to analyze the transport properties in both the anisotropic
Holstein model and the rubrene model. As shown in the upper panel of Figure 5, we first discuss the
mobility of the anisotropic Holstein model along the z direction as a function of temperature with
changing of the particle density. Within this model, the carrier density strongly affects the behavior of
mobility, showing a cross-over from metallic to insulating behavior at low temperatures. For densities
around one percent, the chemical potential at a low temperature is above the mobility edge and, then,
the mobility is metallic-like. On the other hand, the situation is different for densities below one
percent. At those densities, the chemical potential is below the mobility edge, so that mobility shows
an insulating character. Translated in a polaronic framework, this would mean that the single particle
sees a potential well, due to electron-phonon coupling; hence, at very low densities, a polaron-like
activated mechanism could set in. Actually, the mobility results are consistent with those obtained
within the picture of polaron formation [31].

The strong charge density dependence on the mobility is, instead, lost at higher temperatures,
where the chemical potential is always in the tail regions for all the charge densities studied, but more
states at higher energies (of itinerant nature) get involved, providing the main contribution to mobility.
As a consequence of the different behavior with charge densities at low and high temperatures, the
mobility changes its character at intermediate temperatures for low-charge carrier densities.

At high temperatures, the mobilities look very similar for all the densities considered in the upper
panel of Figure 5. At room temperature, the mobility is about 20 cm?/(V - s), a value that recovers the
right order of magnitude of experimental data in oligoacenes [2]. However, the mobility decreases
with the temperature as 1/7", not in agreement with measurements in oligoacenes, such as rubrene.
Moreover, in this model, polaronic localization seems to take place in the low-temperature range
for enough low-charge densities, even if experimental data do not seem to support this scenario.
Therefore, a more accurate model for the electron-phonon coupling is needed. As already discussed
in Subsection 2.2, the SSH-like coupling with intermolecular vibrational modes is what we need. In

the following part of this subsection, we will analyze the transport properties of that model.
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In the lower panel of Figure 5, the mobility along the a direction is reported as a function
of the temperature at fixed coupling A = 0.12 and different concentrations, n. The plot shows
that the absolute magnitude of the mobility substantially agrees, with the experimental estimates
being p ~ 10 cm?/(V - s) at room temperature. Furthermore, the mobility exhibits a band-like
power-law 77 behavior for all the concentrations. The exponent, <, is evaluated from the
fits of the mobility, providing values in the range 2-2.4, where the highest value is related
to the lowest concentration. This trend is in agreement with experimental measures, that for
rubrene establish v ~ 2 for temperatures 7' > 170 — 180 K [2]. One feature, in contrast
with the Holstein model, is that the mobility increases with decreasing the concentration of
carriers. This trend, already found in the 1D SSH model [30], points out that there is no room
for a polaronic (bond) localization [51] within the regime of rubrene parameters explored in
this review.

Figure 5. (Top) Mobility along the z direction within the anisotropic Holstein model
as a function of temperature T for different particle densities at Ay, = 0.8. (Bottom)
Mobility along the a direction within the rubrene model as a function of temperature T for
different particle densities at A = 0.12. We assume the hopping parameter ¢, = 0.18¢,,,
t, = 118.6 meV.
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Another important property is the anisotropy of the transport properties along different in-plane
directions [53]. In our model for rubrene, the anisotropy of the mobility along different
crystallographic directions is essentially the same as the anisotropy of the effective mass. From the
estimates of in-plane hopping, ¢, and t;, the anisotropy of the mobility is evaluated to be of the order
of (ty/t4)* = 0.335. From experiments [2], the anisotropy ratio is about 0.375 at room temperature;
therefore, in agreement with our estimate. However, the experimental data shows that this ratio
increases with decreasing temperature. In a recent paper [54], where the electron-phonon coupling
is slightly more complex than the SSH-like interaction considered in our model, the anisotropy of
the mobility is less marked than that of the mass. Within this paper, the anisotropy ratio between
the two in-plane mobilities is calculated to be of the order of 0.44 at room temperature (higher than
the experimental value) and 0.5 at 7' = 150 K; therefore, it increases with decreasing temperature
in agreement with the experimental trend. Even if the electron-phonon models are slightly different,
the conclusions of our work and these recent calculations are qualitatively consistent.

Starting from the mobility, we can determine the scattering time, 7., from the relation
i = ety /m. Since the mass is weakly renormalized from the electron-phonon interaction, one
can assume m as the bare mass at k = 0. We point out that 7, is on the scale of fs, so that it is one
order of magnitude lower than the damping time of the states important for the spectral properties (on
the scale of tens of fs). Therefore, the transport processes amplify the effects of the electron-phonon
interaction, and the vertex corrections introduced within our approach are fundamental to take into
account this effect.

From the scattering time, one can deduce the mean free path as l;, = v4,7y-, Where v, is
the average velocity of the charge carriers. The quantity, [, is always on the scale of a few
lattice parameters. The most important feature is its temperature behavior. As a consequence
of the electron-phonon effects, close to room temperature, it becomes of the order of half lattice
parameter a. This means that the loffe—Regel limit is reached [52]. The decrease of the mobility
in the Ioffe—Regel limit is not due to a mass renormalization (dynamic and/or static), but it is due
to a reduction of the available itinerant states (the only ones able to transport current) with the
temperature. We remark that this result is due to the fundamental role played by vertex corrections
(introduced in the previous subsection about the computational methods) in the calculation of
the mobility.

3. Effects of Combined Low Frequency Inter-Molecular and High Frequency Intra-Molecular
Vibrational Modes

For rubrene and pentacene, the carrier mobility is dominated by inter-molecular phonons, since
the interaction with intra-molecular modes is almost negligible [25], and then, the model discussed
in the previous section is considered adequate. On the other hand, in other oligoacenes with a smaller
number of benzene rings, the coupling with local modes cannot be neglected [4].

Indeed, the decrease of the number of benzene rings affects the reorganization energy, which can
be related to the binding energy of the polaron, that is the quasi-particle formed by the electron
(or hole) and the surrounding phonon cloud. Actually, going from pentacene to naphthalene,
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the reorganization energy increases nearly twice, suggesting a much stronger coupling with local
modes [4]. Therefore, for systems with a reduced number of benzene rings, like naphthalene,
we expect a larger interplay between intra- and inter-molecular modes (see Figure 1) within the
intermediate electron-phonon coupling regime for both modes. The next step of the review is to
combine the effects of high frequency local vibrational (antiadiabatic) modes with non-local low
frequency (adiabatic) ones [36]. For computational ease, we will restrict our analysis to the 1D
case, assuming the inter-molecular phonons classical, but considering the intra-molecular modes as

fully quantum.

3.1. Model Hamiltonian

We consider a one-dimensional model with coupling to intra- and inter-molecular modes [36,55]
similar to the one recently introduced, where the treatment only concerns the study of spectral
properties [56]. The coupling to intra-molecular modes is Holstein-like; that to inter-molecular
modes is SSH-like (see Figure 1 for a sketch of the two couplings). It can be summarized in the
following Hamiltonian:

H = Hé?) + H(O) + Hg)zier + Helflntra + Helflnter (10)

Intra

In Equation (10), the free electronic part, [, O Js:

el >

L (ejcm + c1+1ci) 1)

where ¢ is the bare electron hopping between the nearest neighbors on the chain and czT and ¢; are the
charge carrier creation and annihilation operators, respectively, relative to the site, 7, of a chain with
lattice parameter a. For the transfer hopping, the ab initio estimate is: ¢ ~ 50 — 100 meV [4]. We
consider a single-band one-dimensional electronic structure, since it represents the simplest effective
model in anisotropic organic semiconductors to analyze the low energy features responsible for the
mobility properties.

In Equation (10), Héo), with a« = Intra,Inter, is the Hamiltonian of the free optical

HO =%~ % +> —kagi (12)

] 7

molecular modes:

where p,; and z,; are the oscillator momentum and position of the mode, «, respectively, m,,
the oscillator mass and k., the elastic constant of the mode, «. The inter-molecular modes are
characterized by small frequencies (hwper =~ 5 — 10 meV) in comparison with the transfer
hopping [4,22]. On the contrary, the most coupled intra-molecular modes have large frequencies
(hwintre =~ 130 — 180 meV) [4].

In Equation (10), H.;_ 1nirq 1S the Holstein-like Hamiltonian describing the electron coupling to

intra-molecular modes:
Hel—[ntra = UJntra E T (13)
i
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with o, the coupling constant to local modes and n; = cchl- the local density operator. The
dimensionless constant:

9Intra = a[ntra/ Vzhmlntraw?ntra ( 14)

is used to describe this electron-phonon coupling [39]. In single crystal organic semiconductors,
JrIntra 18 in the weak to intermediate regime (of the order of unity) [4].

Finally, in Equation (10), H.; jn.- represents the SSH-like term with electron coupling to
inter-molecular modes:

Helflnter = (Jnter Z(yi+1 - yz) (CICiJrl + Cj+1ci) (15)
i
with aj,.e the coupling constant to non-local modes. In the adiabatic regime for non-local modes
("Winter <K 1), the dimensionless quantity:

)\Inter - a?nter /4k1ntert ( 16)

fully provides the strength of the electron coupling to inter-molecular modes. The typical values of
A are in the intermediate (of the order of 0.1) coupling regime [33].

In the following part of this section, we will use units, such that the lattice parameter a = 1, the
Planck constant 2 = 1, the Boltzmann constant k3 = 1 and the electron charge e = 1. We will
analyze systems in the thermodynamic limit, and we will measure energies in units of ¢ ~ 80 meV.

We fix wipq = 2.0t as the model parameter with the highest energy [4].

3.2. Calculation Method

Since a very low carrier density is injected into the organic semiconductor, we will study the
case of non-interacting particles. The temperature range where intrinsic effects are relevant is
Winter < T K t < Wrperq. Therefore, the dynamics of intermolecular modes can be assumed to be
classical. On the other hand, it is important to retain the quantum nature of high frequency local
vibrational modes.

Actually, the electron motion is strongly influenced by the statistical “off-diagonal” disorder that,
in the limit of low carrier density, is described by the probability function, P ({y;}), of free classical
harmonic oscillators. At a fixed configuration of non-local displacements, {y;}, Equation (10) is
equivalent to a Holstein model with displacements {x;}, where the electron hopping depends on the
specific nearest neighbor sites throughout the assigned {y; }. The resulting inhomogeneous Holstein
model can be accurately studied within the modified variational Lang—Firsov approach via a unitary
transformation, U ({y;}), depending on the non-local displacements, {y;}, and appropriate in the
anti-adiabatic regime (wrpq > t) [57,58]. The electron mass is renormalized by the coupling with
local modes (polaronic effect), and the Holstein-coupled oscillators {x;} are displaced from their
equilibrium position to a distance proportional to the electron-phonon interaction. For each fixed
configuration, {y;}, one has to calculate quantities, such as spectral function, density of states and

mobility (calculated as the ratio between conductivity and carrier density), within the Lang—Firsov
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approach. Then, the effect of non-local adiabatic inter-molecular modes can be taken into account,
making the integral over the distribution, P ({y;}), by means of a Monte-Carlo procedure.

The method exposed above is very accurate in the regime wy,e,r << t and wy,srq > t, appropriate
for high-mobility organic semiconductors. It properly takes into account the quantum effects of high
frequency local vibrational modes. Moreover, the approach is able to include spatial correlations
relevant in quasi one-dimensional systems, in particular vertex corrections in the calculation

of mobility.

3.3. Results on Spectral and Transport Properties

In Figure 6, we report the density of states (DOS) for gy = 1.3 and Apyer = 0.09 at
different temperatures. For all the temperatures, there is a strong renormalization of the bare band,
whose width becomes twice smaller (from 4t to roughly 2¢) and moves to lower energies (from —2¢
to roughly —4¢). Furthermore high energy satellite bands appear at multiples of the vibrational
frequency Wy = 2t [49], providing a DOS extending from —4t to 4t. These effects can be
easily ascribed to the local modes, since they survive also at 7' = 0, where the effect of non-local
modes is weak. The intrinsic reduction of the bare band due to local modes provides a simple and
direct explanation of the difference in the bandwidth evidenced in the series of oligoacenes from
naphthalene (an effective band of the order of 40 meV) to pentacene (an effective band of the order
of 80 meV). Indeed, it can be ascribed to the decrease of the reorganization energy with increasing
the benzene rings of the single molecules that, in turn, reduces the renormalization effects [4]. Within
the polaron theory [49], the narrowing of the main band is related to the spectral weight, Z, of the
quasi-particle, which is estimated to be about 0.5 from the calculations. Therefore, our estimate of Z
compares favorably with recent ab initio results for which Z relative to the electron channel is of the
order of 0.7 [59].

Figure 6. The DOS (in units of 1/¢) as a function of the frequency (in units of ¢ /%) for
different temperatures, T, at A\j,er = 0.09 and g7, = 1.30. We consider wy,.q = 2t
(in units of ¢, with t = 80 meV).
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At finite temperature, the shape of the spectra is changed, due to the non-local coupling. Actually,
any band shows a new small maximum, due to the coupling to inter-molecular modes. It is
well known that, in the polaron theory, the band narrowing increases strongly with temperature.
In order to be more quantitative, we notice that, for M., = 0, the principal band at
T = 325 K is reduced by about 42% of the band at 7" = 0. On the other hand, for \j,,;., = 0.09, the
principal band at 7' = 325 K is reduced by only 7% of the band at 7' = 0. Unexpectedly, in our model,
the band narrowing is strongly reduced due to the non-local coupling. The narrowing of the principal
band results from a subtle equilibrium between the two opposite tendencies. Actually, the coupling
to non-local modes has the main effect of inducing scattering into the single bands of the density of
states, preventing the narrowing induced by the coupling to local modes. The interplay between local
and non-local modes is able to produce a modest narrowing as function of the temperature, even if
the coupling to local modes is not weak. Our prediction is that this effect should be present not only
in pentacene [17], but also in naphthalene and anthracene.

Next, we analyze the mobility in the intermediate regime for both intra- and inter-molecular
modes (see Figure 7). The mobility can be divided into two contributions: the coherent one, where
the scattering of the renormalized electron (the only effect due to local electron-phonon coupling
here is the reduction of the bandwidth) with non-local modes is included, and the incoherent one,
where, in addition to non-local modes, scattering with multiple real local phonons is considered.

The coherent term of mobility, relevant at low temperatures, bears a strong resemblance with
the mobility of the system at g7, = 0, even if, as expected, it is smaller. The local coupling is
able to affect, but not to destroy, the low-temperature behavior dominated by the non-local coupling.
Actually, for g7, = 0, the mobility scales as 1/7%°, while, with increasing gr¢,q, the power-law
becomes slightly less pronounced. In the case grnirq = 1.3, the mobility goes as 1/71%9, still
compatible with experiments in naphthalene, and it has the correct order of magnitude [8—10].

Figure 7. Mobility and its different contributions as a function of the temperature, T, at
Anter = 0.09 and g7,,40¢ = 1.3. We consider wy,,;. = 2 (in units of ¢, with £ = 80 meV).
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The incoherent term of mobility starts at a temperature of about 7' = 230 K and becomes
predominant only at temperatures much higher than room temperature. The role of the local coupling
here is to promote an activated behavior in the incoherent regime, which is effective only at high
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temperature. Consequently, the local coupling provides a negligible contribution to the mobility
up to room temperature. Actually, the combined effect between intra- and inter-molecular modes
is able to provide an activation energy, A, of only about 20 meV; therefore, less than one half of
that for ;.. = 0 and close to that extracted by experimental data in naphthalene (about 15 meV
for mobility along the c-axis) [8—10]. We stress that the small activation energy is found even if
the reorganization energy related to intra-molecular modes derived from ab initio calculations [4]
is not small. Actually, the polaronic binding energy is given by g% . wrnira, Which is of the order
of 1.7 % 2 x t ~ 270 meV. Therefore, the non-local SSH interaction is able to strongly quench the
tendency towards localization of the local Holstein coupling. As a result, the activation energy of the
transport properties is estimated to be much smaller than the value of the polaronic local energy if
other electron-phonon non-local interactions are playing a relevant role.

Summarizing, the proposed model is able to capture many features of the mobility in oligoacenes.

4. Effects of Gates Made of Polarizable Dielectrics and Disorder

In the last part of this review, we investigate the effect of a polarizable gate on the transport
properties of organic semiconductors [37,38] (see Figure 8 for a sketch about the coupling between
charge carrier and polarization in the dielectric). This analysis is important to interpret experimental
data in rubrene OFETSs grown on polarizable dielectric gates, such as T'a;Oj5 oxide [12].

Figure 8. Sketch of the effects induced by the charge carrier in the conducting channel
on the gate close to the interface. The electron in the organic semiconductor induces a
polarization within the dielectric that, in turn, affects the electron dynamics.

4.1. Model Hamiltonian

We study a one-dimensional Hamiltonian model with coupling to bulk and interface vibrational
modes [37]. This model is similar to that of the previous section. Actually, the free electronic
Hamiltonian is the same, and the bulk modes of this model correspond to the inter-molecular modes.

The model is described by the following Hamiltonian:

H=H,+HY, + Hy pux+ HY) + Ho_ 1 (17)

U
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In Equation (17), the electronic part, H.;, is given by Equation (11) of the previous section,
with ¢ bare electron hopping (estimated to be among 80 meV and 120 meV) between the nearest
neighbors sites.

In Equation (17), HY)

U

;i corresponds to Equation (12) for free intermolecular modes with elastic
constant k, mass m and hwpg,x ~ 5 — 10 meV, much smaller than transfer hopping t [4,22].

In Equation (17), H;— puix represents the term similar to the SSH [24] interaction for the coupling
to intermolecular modes given in Equation (15). As in the previous section, one can define gy,
whose typical values are in the intermediate coupling regime (in this section, we take the value
Awk = 0.1, suitable for rubrene) [30].

In Equation (17), HI(O)

nt

is the Hamiltonian of free interface phonons:

H}% = hwin Z ajlaq (18)
q

where wy,,; 1s the frequency of optical modes and ail and a, are creation and annihilation operators,
respectively, relative to phonons with momentum g.
In Equation (17), H¢_j. is the Hamiltonian describing the electron coupling to interface
vibrational modes:
Hep e = Z Mn;e'tf (aq + aT—q) (19)
i,q

where n; is the density operator, ), is the interaction electron-phonon term:

ghwlnt igR; R%
M, = et ————— 20

= 2w 20)
with g the dimensionless coupling constant, L the number of lattice sites, R; position of the site,
1, and Ry the cut-off length of the order of the lattice spacing, a. This electron-phonon coupling
describes the long-range interaction induced on the electron at the interface with the dielectric gate.

In order to quantify this coupling, we use the dimensionless quantity:

_ a 21
Alnt Z T (21)

In this work, we take Ry = 0.5a and hwy,; = 0.5t [60].

In the following part of this section, we will use units, such that a = 1, h» = 1, e = 1, and
the Boltzmann constant kg = 1. We will analyze systems in the thermodynamic limit measuring
energies in units of ¢ ~ 100 meV. The calculation method is similar to that in the previous section,

since the role of intra-molecular modes here is played by interface modes.

4.2. Results about Transport Properties

In Figure 9, we report the mobility as a function of the temperature for different values of A\,
at bulk coupling A\p,;rx = 0.1 (appropriate to rubrene). The quantity, i, shows a coherent band-like
behavior at low temperatures, but, with increasing 7', it goes towards the activated behavior, where
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the bulk coupling is not effective. Actually, the mobility interpolates between the behaviors with
only bulk and interface phonons. At low temperature, the diffusive contribution is ascribed to
the modulation of the electron kinetic energy, due to the bulk modes with SSH interactions. This
coherent contribution is weakened with increasing Aj,,;, but it does not disappear. This element is in
contrast with experimental data, which show a more or less marked insulating behavior from 150 K to
300 K [12]. Therefore, the theoretical prediction of mobility is not accurate, even if bulk and interface

electron-phonon couplings are active.

Figure 9. Mobility p as a function of the temperature, T, at Ap,;, = 0.1 for different

values of \j,;.
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4.3. Interplay between Electron-Phonon Coupling and Disorder Strength

In order to explain the experimental data, it is necessary to include also disorder effects. Indeed,
there is evidence of traps in the bulk and at the interface with gates [2]. Therefore, it is of paramount
importance to investigate the role of disorder on the transport properties.

The model bears a strong resemblance with that of the previous subsections. Actually, the
only modification is related to the electronic Hamiltonian, which includes, here, a disorder term.

Therefore, in Equation (17), there is a new term given by:

Hgis = Z €Tl (22)
i

where ¢; is a local energy, whose fluctuations in the range [—W, W] simulates disorder effects in
the bulk and at the interface with gate, n; = cj» ¢; being the density operator and with czT and c¢; the
electron creation and annihilation operators, respectively, relative to the site, R;. Due to the presence
of shallow traps [2], disorder is not overwhelming, and it is distributed according to a flat probability

function. The calculation method is analogous to that of the previous section.
In Figure 10, we show the mobility as a function of the temperature with increasing the strength
of disorder for A\;,; = 1.3 and Agy = 0.1. There are two main results. The first one is related
to the suppression of the coherent metallic behavior with increasing /. The second one is the
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strong enhancement of the activation energy, A, up to 67 meV, even for the small amount of
disorder W = 70 meV. Furthermore, the decrease of the magnitude of the mobility is not so marked.
Therefore, weak disorder effects are able to provide a very accurate description of the mobility,
resulting in key quantities for the interpretation of experimental data. Finally, another important
effect of disorder is to drive the small polaron formation at lower electron-phonon couplings.

Figure 10. Mobility p as a function of the temperature for different disorder strengths,
W, at Agur = 0.1 and Aj,,; = 1.3. The quantity, A, is the polaron activation energy.
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5. Conclusions

In this review, we have theoretically analyzed the effects of different electron-phonon couplings
on the spectral and transport properties of small molecule single-crystal organic semiconductors.
Focus has been on oligoacenes, in particular on the series from naphthalene to rubrene and pentacene.

First, we have discussed the effects of the electron coupling to low-frequency inter-molecular
vibrational modes on the spectral and transport properties. The resulting adiabatic models have been
studied through numerical approaches with varying electron-phonon coupling and temperature. For
rubrene, the model has considered the role of the electron-phonon coupling leading to a modulation of
the particle hopping integral. With increasing temperature, the density of states is characterized by a
larger exponential tail corresponding to localized states. Consequently, the chemical potential moves
into the tail of the density of states, but this is not enough to drive the system into an insulating state.
Not only the order of magnitude and the anisotropy ratio between different directions are accurate,
but also the temperature dependence of the mobility is correctly reproduced in the model for rubrene.
With increasing temperature, the loffe-Regel limit is reached, since the contribution of itinerant states
to the conduction becomes less and less relevant.

Then, we have analyzed the effects of electron coupling to both low-frequency inter-molecular
and high-frequency intra-molecular modes on the spectral and transport properties. The interplay
between local and non-local electron-phonon interactions has been able to provide a very accurate
description of the mobility of oligoacenes and to shed light on the intricate mechanism of band
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narrowing with increasing temperature. The band narrowing is a complicated phenomenon, which
could also be affected by the thermal expansion of the crystal structure [61] (an effect that has not
been analyzed in this review).

In the last part of the review, we have considered the influence of gates made of polarizable
dielectrics on the transport properties. This effect has been studied in a model that has combined
bulk and long-range interface electron-phonon couplings. We have pointed out that the bulk coupling
affects the behavior of mobility below room temperature, enhancing the coherent contribution, but
it is ineffective on the incoherent small polaron contribution dominated by the interface coupling at
high temperatures.

Finally, we have emphasized the interplay between electron-phonon couplings and disorder
strength on the transport properties. The presence of disorder is important to improve the modeling
of the materials studied in this review. In particular, for systems gated with polarizable dielectrics,
we have shown that disorder effects are able to enhance the hopping barriers of the activated mobility
and to drive the small polaron formation at lower values of electron-phonon interactions. Therefore,
disorder represents a key factor to get agreement with experimental data.

Some issues have not been covered in this review. Indeed, the transport properties could be
affected by the non-local electron coupling, not only to optical, but also acoustic vibrations [27]. The
coupling to acoustic vibrations should be effective at low temperatures, where it would be interesting
also to investigate the role of quantum lattice fluctuations. These quantum effects are small in the
adiabatic limit; however, they could be important in the regime where the presence of traps also
influences the transport properties. Finally, we believe that the concepts and methods discussed in
this review can be a starting point for the study of related (such as durene crystals [62]) and more

complex systems [63].
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Chapter 6

Effects of Germanium Tetrabromide Addition to Zinc
Tetraphenyl Porphyrin/Fullerene Bulk Heterojunction
Solar Cells

Atsushi Suzuki, Kenta Nishimura and Takeo Oku

Abstract: The effects of germanium tetrabromide addition to tetraphenyl porphyrin zinc
(Zn-TPP)/fullerene (Ceo) bulk heterojunction solar cells were characterized. The light-induced charge
separation and charge transfer were investigated by current density and optical absorption. Addition
of germanium tetrabromide inserted into active layer of Zn-TPP/Ceo as bulk heterojunction had a
positive effect on the photovoltaic and optical properties. The photovoltaic mechanism of the solar
cells was discussed by experimental results. The photovoltaic performance was due to light-induced
exciton promoted by insert of GeBrs and charge transfer from HOMO of Zn-TPP to LUMO of Ceo in
the active layer.

Reprinted from Electronics. Cite as: Suzuki, A.; Nishimura, K.; Oku, T. Effects of Germanium
Tetrabromide Addition to Zinc Tetraphenyl Porphyrin/Fullerene Bulk Heterojunction Solar Cells.
Electronics 2014, 3, 112-121.

1. Introduction

Electronic applications including electronic devices and solar cell systems based on organic
semiconductor of fullerenes as electron accepting material at physical-solid-state have been
developed [1-11]. For instance, photovoltaic properties of vapor deposited solar cells using bulk
heterojunction film of fullerenes/phthalocyanine have been characterized in regard to light-induced
charge separation and photo current behavior [12]. Electronic conductor and optical device of
photoactive layer based on porphyrin derivatives have been developed [13—15]. Molecular design
and morphological structure of porphyrin is important to control electronic structure with energy
levels at highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) [16,17]. Donor activity of modified porphyrin in dye-sensitized solar cells is suggested
to be one of the key factors in optimizing electronic structure, photovoltaic and optical properties.
The effects of the additive in the ternary porphyrin blends on solid-state polymer/fullerene bulk
heterojunction solar cells have been focused on improving the photovoltaic performance [18].
The effects of an additive solvent and diiodooctane on the aggregation of a high-efficiency donor
polymer and an acceptor molecule of fullerene derivatives have been investigated [19-22].
In addition, the hybrid bulk heterojunction organic solar cells of CdSe-fullerene (Cs0) composite
films with insert of quantum dot have been studied for harvesting lighted-excited electrons in the
active layer [23]. The quantum dot of CdSe, PbSe and PbS nanocrystal has advantage to promote
multiple light-induced charge carriers with high energy excitations in a wide range of optical
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absorption [24-28]. In a previous work, fabrication and characterization of bulk heterojunction
of 5,10,15,20-tetraphenyl-21H,23 H-porphyrin zinc (Zn-TPP) and Ceo has been studied [29]. The
light-induced charge separation and charge transfer has been investigated by current density and
optical absorption. Copper phthalocyanine/fullerene-based solar cells were also fabricated, and
the electronic and optical properties were investigated [30]. Effects of germanium addition to the
solar cells were also investigated, which resulted in an increase of power conversion efficiencies of
the solar cells. Nanostructures of the solar cells were investigated by transmission electron microscopy
and electron diffraction, which indicated formation of germanium compound nanoparticles in the
copper phthalocyanine layers. Nanodiamond-based solar cells were fabricated and the photovoltaic
properties were investigated [31]. The nanostructures of the solar cells were investigated by
transmission electron microscopy and X-ray diffractometry, and the electronic property was discussed.
The purpose of this present paper is to investigate additive effect of germanium tetrabromide
(GeBrs) on the photovoltaic properties of the Zn-TPP/Ceo bulk heterojunction solar cells. The
relationship between the photovoltaic properties and microstructure on the bulk heterojunction
solar cells with insertion of GeBrs into the active layers has been focused on optimization of the
photovoltaic performance. The photovoltaic mechanism will be discussed by experimental results.

2. Experimental Section

Fullerene (Ceo, Material Technologies Research, 99.98%), 5,10,15,20-tetraphenyl-21H,
23H-porphyrin zinc (Zn-TPP, Sigma-Aldrich Japan KK, Tokyo, Japan) were used as received.
A mixture of Ceo and Zn-TPP (10 mg) varied with weight ratio with GeBrs (5 x 107> mL,
Sigma-Aldrich Japan KK, Tokyo, Japan) dissolved in o-dichlorobenzene (1 mL, Sigma-Aldrich
Japan KK, Tokyo, Japan) was spin-coated on ITO (A11DU80, AGC Fabritech Co. Ltd., 10 Q/sq.,
Tokyo, Japan). The thickness of the bulk heterojunction films was approximately 150 nm. The
heterojunction film was prepared by vapor deposition process using diffusion vacuum pump (107> Pa,
ULVAC Inc., Tokyo, Japan). Heat treatment of these films on the ITO substrate was carried out at
100 °C for 30 min in N2 atmosphere, aluminum (Al) metal with a thickness of 100 nm was evaporated
on a top of electrode. Figure 1 shows schematic diagram of the present Ceo/Zn-TPP solar cells as
(a) the bulk heterojunction and (b) heterojunction films. Light and dark current density voltage
(J-V) characteristics (Hokuto Denko Corp., HSV-100, Kanagawa, Japan) of the solar cells were
measured under AM 1.5 (100 mW cm ?) irradiation (Sanei Electric, XES-301S, Tokyo, Japan) in
N2 atmosphere. Optical properties of the bulk heterojunction film of Ceo/Zn-TPP at solid state were
measured by UV-vis spectroscopy (Hitachi U-4100, Tokyo, Japan) and fluorescence photo
spectrometer (F-4500 Hitachi, Tokyo, Japan). Internal microstructure was observed by transmission
electron microscope (TEM, 200 kV, Hitachi H-8100, Tokyo, Japan) with electron diffraction. TEM
is a useful method for nanostructure analysis. The polycrystal structure in the bulk heterojunction
film was measured by thin X-ray reflection patterns (X’Pert-MPD system Philips Co. Ltd., Eindhoven,
The Netherlands) using CuKa radiation. The chemical structures were optimized by CS Chem3D
(Cambridge Soft, PerkinElmer Inc., Boston, MA, USA). Molecular orbital calculations were carried
out by MOPAC (Fujitsu Ltd., Tokyo, Japan). In addition, the isolated molecular structures were
optimized by quantum calculation using spin-restricted Hartree-Fock method (RHF) using 6-31G*
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as basis set (Gaussian 03, Gaussian Inc., Pittsburgh, PA, USA). The electronic structures of electron
densities with energy levels at HOMO and LUMO were investigated.

Figure 1. Structure of bulk heterojunction solar cells.
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3. Results and Discussion

Dark and light induced current density-voltage (J-V) characteristics of the bulk heterojunction
solar cells with weight ratio of Zn-TPP and Ceo with GeBrs were investigated. The dark J-V curve
displayed a gradual increase of current for positive bias to the Zn-TPP electrode. This behavior
indicates a light-induced charge separation with charge-transfer at the interface. Table 1 lists measured
parameters on the bulk heterojunction solar cell varied with weight ratio of Zn-TPP/Ceo to GeBra.

Table 1. Measured parameters on bulk heterojunction solar cells of Zn-TPP/Ceo with GeBra.

Zn-TPP:Cq n (%) FF Voe (V) Jsc (MA cm™?)
3.7 22x107 0.23 0.058 0.0017
2:8 9.5x107* 0.20 0.25 0.019
1:9 1.3x 1072 0.29 0.26 0.17
Additive-free
1:9 6.4x107° 0.20 0.23 0.14

At weight ratio of Zn-TPP to Ceo of 3:7 by adding GeBrs, Vo, Jse, FF, and n were obtained to
be 0.058 V, 0.0017 mA cm 2, 0.23 and 2.2 x 107%, respectively. The photovoltaic performance
including the measured parameters was gradually improved with increasing weight ratio of Ceo in
Zn-TPP/Ceo by adding GeBra. At weight ratio of Zn-TPP/Ceo in 1:9, the solar cells performance
regarded Vo, Jse, and FF at 0.26 V, 0.17 mA c¢cm 2 and 0.29, which could estimate to be conversion
efficiency of 1.3 x 1072%. As reference case at weight ratio in 1:9 without addition of GeBra,
the measured parameters, Voc, Jsc, FF, and 1 were obtained to be 0.23 V, 0.14 mA c¢cm 2, 0.20 and
6.4 x 107%, respectively. Additionally, quantitative analysis of variable amount of GeBrs was
performed on the bulk heterojunction solar cell at weight ratio of Zn-TPP/Ceo in 1:9. At a fixed
amount of GeBrs in 0.025 mL, the photovoltaic parameters, Vo, Jsc, FF, and n were obtained to be
0.0013 V, 0.0004 mA cm 2, 0.25 and 1.3 x 1077%. The exceed addition reduced the photovoltaic
performance. The condition of Zn-TPP/Ceo at weight ratio in 1:9 with additive volume of GeBr
in 0.005 mL optimized the photovoltaic performance. The photovoltaic properties were due to
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light-induced charge separation with charge-transfer from HOMO of Zn-TPP to LUMO of Ceo in
the active layer with insert of GeBra.

Optical absorptions of the bulk heterojunction solar cells at weight ratio of Zn-TPP/Ceo in 1:9
with insert of GeBrs in 0.005 mL are shown in Figure 2. The bulk heterojunction of Zn-TPP/Ceo
had a strong optical absorption in the range of 300 nm—1300 nm. Especially, insertion of GeBrs in
the active layer improved the optical absorption in the range of 300 nm—500 nm and 800 nm—1000 nm.
The observed absorption at 350 nm, 480 nm to 1050 nm was converted to energy level of 3.5 eV,
2.6 eV and 1.2 eV, respectively. Enlargement of the optical absorption would be attributed from
increase of the light-induced exciton in the active layer with insert of GeBra.

Figure 2. UV-vis absorptions of bulk heterojunction thin films of tetraphenyl porphyrin
zinc (Zn-TPP) and Ceo at weight ratio of 1:9 with insert of GeBra.
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X-ray diffractions of the bulk heterojunction film at weight ratio of Zn-TPP/Ceo in 1:9 by adding
GeBr4 on glass substrate are shown in Figure 3. The X-ray diffraction patterns displayed the crystal
order of Ce0, which confirmed tetragonal system noted in crystal index, 111, 220, 311, 220, 420,
422 and 511 in a range of 10° and 33° in 2 6. There existed a strong peak of Zn-TPP with a small
peak at 5° and 22° in 2 0. The diffraction patterns using the Sherrer’s formula suggested that there
were about 6 nm of particle sizes in the tetragonal system. The crystal growth of Ceo was inhibited
by insertion of the germanium bromide into the active layer. The germanium crystal was not confirmed
around 2 0 in the range of 25°-50° [32].

Figure 4 show (a) TEM image and (b) electron diffraction of the bulk heterojunction film at
weight ratio of 1:9 with GeBrs. As shown in Figure 4a, the molecules of Ceo were coagulated with
each other to form the particle as grain size in the range of 10 nm—20 nm. The TEM image
displayed the crystal lattice of Ceo to be about 0.38 nm at 111 in crystal index as tetragonal phase in

the polycrystal structure. The electron diffraction patterns through the incident angle at [1 1 2]
indicated that the polycrystal coagulation of Ceo had tetragonal structure as noted in crystal index at
111, 210 and 311 with a strong spot as Zn-TPP. The amorphous coagulations were dispersed in
the range of 18-30 nm as the particle size. The amorphous coagulations as intrinsic germanium
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compound appeared to be semi-conductive behavior with a narrow band-gap in the range of
0.8-2.2 eV [33] as shown in Figure 5.

Figure 3. X-ray diffraction patterns of the bulk heterojunction thin films.
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Figure 4. (a) TEM image and (b) electron diffraction pattern of the bulk heterojunction
thin film.
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As a reference case to support the experiment result, the coagulations of the germanium
compound converted from germanium bromide saturated ionic liquid 1-butyl-3-methylimidazolium
hexafluorophosphate on Au (111) has been studied with in-situ scanning tunneling microscopy [34].
The tunneling spectrum of an approximately 500 nm thick germanium compound film saturated
1onic liquid on Au (111) suggested semiconductive behavior with a typical band gap of 0.7 eV, which
made a good agreement with the value of 0.67 eV for intrinsic coagulations of germanium compound.

In the presence work, insert of coagulations of germanium compound into the active layer improved
the light-induced exciton with charge transfer near the interface in microstructure. In actual conditions,



107

energy loss would be generated by the Schottky barrier at the interface between Zn-TPP, Ceo, and
GeBr4 on Al substrate. The heat treatment of the internal microstructure near interface between the
crystal phase of Ceo and Zn-TPP with insert of GeBrs will guide a considerable support to inhibit
recombination between electrons and holes, which will improve the photovoltaic performance with
increasing Jsc and ) in the J-V curve.

Figure 5. Energy level diagram of the bulk heterojunction solar cell.
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The photovoltaic mechanism of the bulk heterojunction solar cells was discussed by the
experimental results. Schematic energy diagrams of the present solar cells with energy levels
were summarized as shown in Figure 5. The photovoltaic mechanism of the present solar cells was
discussed as follows. The light irradiation immediately generated charge-separation with a band
gap between HOMO of Zn-TPP and LUMO of Ceo with insert of GeBrs. The electrons were excited
at a conductive bond, and holes generated at valence band. Suddenly, the excited electrons of
Zn-TPP were injected from the conductive band to that of Ceo at the crystal phase. In addition, the
bulk heterojunction solar cell at an excess amount of Ceo showed improvement in the light-induced
exciton with an insert of GeBrs and the electron diffusion without trapping at interface between
inner regions near interface, which suggested an increase of Jsc related to carrier mobility, as a
result of increasing the conversion efficiency. In contrast, the holes of Zn-TPP at the valence band
suddenly charge-transferred to PEDOT:PSS on electrolyte. Voc of the solar cells were related with
an energy gap between HOMO of Zn-TPP and LUMO of Ceo narrowed with an insert of GeBra.
Controlling the electronic structure and the energy gap between HOMO and LUMO is an important
factor for improving the photovoltaic performance with the conversion efficiency. Recently,
electronic structures with the energy gap between HOMO and LUMO have been studied by quantum
chemical calculation using DFT [16,17].

In this present work, the electronic structures of Zn-TPP with the HOMO-LUMO gap were
calculated by DFT. The molecular orbital of Zn-TPP and Ceo at HOMO, LUMO with the energy
levels are shown in Figure 5. Modified porphyrin derivatives combined with phenyl group as
electron-donating affinity suggests uniformity on electron density distribution, which becomes a
strong donor as p-type semiconductor with a narrow band gap of energy level between HOMO and
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LUMO. The strong affinity to accept substitutions with a low distribution of electron density in the
aromatic ring would support the use of an electron acceptor as n-type semiconductor. The chemical
modification of porphyrin has a great advantage to generate light-induced charge separation,
suggesting improvement of the photovoltaic performance. Improvement of internal structure would
promote injection of electron excitation near interface between Zn-TPP and Ceo in the internal
microstructure. The heat treatment of the microstructure would recover the light-induced charge
separation, and then the extent of carrier diffusion, which would result in an improvement of the
photovoltaic performance. Additionally, insertion of the semi-conductive coagulations based on
germanium compound into the active layer would support the promotion of excitation under the
Plasmon field effect.

As an advantage, the coagulations with semi-conductive particles of germanium compound
converted from GeBrs had strong absorption with a low-wave length for improvement of
photovoltaic performance. In order to incorporate the coagulations with the semi-conductive
particles in the active layer, organic solvent with the coagulations of the particles needs to be used in
the manufacturing process. For instance, GeBrs has melting point at 26.1 °C. The material shows
melting characteristics at 30 °C above the melting point and easily dissolves in organic solvent. The
material has an advantage when used in dispersion in the organic active layer. By annealing
treatment, Ge3Brs was de-composited with removing bromine atom to form the coagulations of the
particles under device fabrication condition. The coagulations of amorphous germanium compound
into the active layer were dispersed in a range of 20-30 nm in the size. Addition of the coagulations
into the active layer had a positive effect on the photovoltaic and optical properties.

Several points of view from cost, toxicity and hazard will be discussed regarding the use of
organic solar cells. Additives of GeBrs have slightly higher cost associated with their industrial
application. If mass production using organic layer with GeBr4 is used for applying the organic solar
cell, the production cost and price will be reduced in practical use. In the toxicity and hazard
points, organic active layer including a large amount of GeBrs will cause hydrolysis reaction and
inflammation on mucosal tissues. However, the experimental condition with a small amount of the
coagulations of the particles converted from GeBrs will be applied for developing safe devices. The
organic active layer including the coagulations of the semi-conductive particles had an advantage in
improvement of the photovoltaic performance. The photovoltaic mechanism of the solar cells was
discussed by experimental results. The photovoltaic performance was originated in the light-induced
carrier separation promoted by insert of GeBrs and charge transfer from HOMO of Zn-TPP to
LUMO of Ceo in the active layer. Instead of inserting the coagulations of the particles, organic solvent
with incorporation of silicon compounds and polysilane derivatives will be used for fabrication of an
organic solar cell.

4. Conclusions

The effects of germanium tetrabromide addition to Zn-TPP/Cso bulk heterojunction organic solar
cells were characterized. The light-induced charge separation with charge transfer was investigated
by current density and optical absorption. Addition of GeBrs into active layer of Zn-TPP/Cso had
a positive effect on the photovoltaic and optical properties. The TEM image, X-ray and electron
diffraction patterns showed the crystal lattice of Ceo to be about 0.38 nm at 111 in crystal index at the
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tetragonal phase with a strong spot as crystal structure of Zn-TPP. The coagulations of amorphous

germanium compound into the active layer were dispersed in a range of 20—30 nm in size. Addition

of the coagulations into the active layer had a positive effect on the photovoltaic and optical

properties. The photovoltaic mechanism of the solar cells was discussed by experimental results. The

photovoltaic performance was due to the light-induced carrier separation promoted by insert of
GeBrs and charge transfer from HOMO of Zn-TPP to LUMO of Ceo in the active layer.
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Section III: Organic Field Effect Transistors
Chapter 7

Organic Thin-Film Transistor (OTFT)-Based Sensors

Daniel Elkington, Nathan Cooling, Warwick Belcher, Paul C. Dastoor and Xiaojing Zhou

Abstract: Organic thin film transistors have been a popular research topic in recent decades and
have found applications from flexible displays to disposable sensors. In this review, we present an
overview of some notable articles reporting sensing applications for organic transistors with a focus
on the most recent publications. In particular, we concentrate on three main types of organic

transistor-based sensors: biosensors, pressure sensors and “e-nose”/vapour sensors.

Reprinted from Electronics. Cite as: Elkington, D.; Cooling, N.; Belcher, W.; Dastoor, P.C.; Zhou, X.
Organic Thin-Film Transistor (OTFT)-Based Sensors. Electronics 2014, 3, 234-254.

1. Introduction

Organic thin-film transistors (OTFTs) have been the subject of much attention in the scientific
research community in recent decades [1,2]. Due to their potential to be low-cost and their ease of
fabrication, OTFTs seem ideal for use in sensing applications in which there may be a desire for
cheap, single-use or disposable devices that can deliver accurate results. For example, an array
of sensing devices can be printed in one device to realize a true “lab-on-chip” proposition for
determining the concentration of certain target analytes in a sample. In addition, organic materials
are more likely to be compatible with highly selective biological recognition elements, such as
enzymes, which can form the basis for effective sensors.

There have already been many review articles in recent years summarizing research into sensing
devices that integrate OTFTs into their architecture. This review intends to focus on articles that have
reported OTFT-based sensors falling into one of three categories—biosensors, pressure sensors and
those detecting vapour-phase analytes for “electronic nose” applications—for the authors feel these
three types of sensor are the least explored by other reviews in this highly dynamic field. Some
historically significant papers in the chosen areas will be introduced in each section initially, before
the focus is turned to papers contributing to the respective fields more recently. This scope was
determined both by the interests of the authors and also the desire to avoid repetition through
the review of some types of OTFT-based sensors, such as those detecting pH, humidity or certain
ionic species, which have been given the most attention in some recent review articles on organic
transistor-based sensors as a whole [3,4]. One exception to this scope is biosensors based on
proton-liberating enzymatic reactions, which can also be regarded as pH sensors [5], that are included

here as enzyme-based biosensors.
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Organic Thin Film Transistors

OTFTs are three-terminal electrical devices that, much like conventional transistors, allow for the

control of the electrical current flowing between two electrodes (source and drain) through the

modulation of voltage (or current) at a third electrode (the gate). The term OTFT can be generically

used to refer to most types of organic transistor; however (depending on the mechanism used to

achieve the current modulation), organic transistors are typically categorized into one of several

categories. These categories include (but are not limited to):

Organic field effect-transistors (OFETs): OFETs operate in a similar way to conventional
MOSFET (metal-oxide-semiconductor field effect transistor) or TFT (thin-film transistor)
devices in which an electric field is established across a dielectric layer separating the gate
electrode from the semiconductor layer (Figure 1a). This electric field can manipulate the
size and shape of a region of high conductivity in, and hence, modulate the current flowing
through, the semiconductor material, creating a relationship between gate voltage (V) and drain
current (Ip).

Organic electrochemical transistors (OECTs): OECTs operate by inducing a reduction or
oxidation reaction, which influences Ip, due to a voltage at the gate electrode. Often, these
devices can resemble conventional three-terminal electrochemical cells in which the source,
drain and gate electrodes play the roles of the working, counter and reference electrodes.
Other types of OECTs more closely resemble a standard OFET in which some electrochemical
reaction is taking place at an interface of the semiconductor to facilitate current modulation.
Many of the other categories of devices listed below could be thought of as sub-categories
of OECTs.

Electrolyte-gated organic field effect transistors (EGOFETs): EGOFETs employ an
electrolyte layer (in either a solid or liquid form) to separate the gate electrode from the
semiconductor layer (Figure 1b). This electrolyte layer allows for ionic movement within it,
and this leads to the build-up of charge at its interfaces and subsequent electrochemical
reactions. One advantage of EGOFETs is their low operating voltage; however, they can
suffer from poor switching speeds, due to their reliance on electrochemical activity [6].
EGOFETs featuring ion-selective membranes, which could improve their ability to be
applied in sensing applications, have also been successfully demonstrated recently [7].
Ion-sensitive OFETs (ISOFETs): an analogue to the ion-sensitive FET (ISFET) family of
silicon-based devices, ISOFETs are similar to EGOFETs in that they have an electrolyte
layer adjacent to the gate electrode (Figure 1c). However, unlike EGOFETs, ISOFETsS also
have a dielectric layer, which isolates the electrolyte from the semiconductor [§].
Hygroscopic-insulator field effect transistors (HIFETs): HIFETs could be considered
a sub-category of both OECTs and EGOFETs. Initially proposed by the group of
Osterbacka et al. [9], HIFETs rely on the hygroscopic nature of their dielectric layer to create
a moist environment for the free movement of ions within it. These ions then can interact
with the semiconductor at the dielectric/semiconductor interface electrochemically and/or
electrostatically to modulate current through the semiconductor (i.e., Ip) by varying Va.
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- Carbon nanotube FETs (CNTFET or NTFETs): these devices use one or many carbon
nanotubes as the material (semiconductor) connecting the source and drain electrodes
(Figure 1d). CNTFETs are seen as promising devices for use in all types of electronics, due to
the excellent electronic properties of carbon nanotubes (CNTs) [10]. In terms of biosensors,
encapsulation by CNTs has been shown as an effective way to immobilise bio-recognition
elements [11].

- Organic charge-modulated FETs (OCMFETs): OCMFETs are a relatively new category of
organic transistor, which have been proposed by the group of Bonfiglio ef al. specifically for
the purpose of sensing, and are somewhat similar in structure to ISOFETs [12,13]. However,
OCMFETs have two gate electrodes: one, a “reference gate”, which is held at a fixed electrical
potential (biasing the device), as well as a “floating gate”, which is coupled to the other gate
electrode and to the rest of the device through a common dielectric layer (Figure 1e). The
floating gate is electrically connected to the “sensing area” upon which charge is accumulated,
depending on the quantity of analyte present. Two of the main claimed advantages of
OCMFETs is that they can be miniaturised relative to similar devices implementing a reference
electrode and also that the semiconductor is not directly exposed to analyte solution.

Figure 1. Simplified diagrams of various types of organic thin-film transistor (OTFT):
(a) organic field effect-transistor (OFET) (bottom-gate, top-contact version shown);
(b) electrolyte-gated organic field effect transistor (EGOFET); (¢) ion-sensitive OFET
(ISOFET); (d) carbon nanotube FET (CNTFET); and (e) organic charge-modulated

FET (OCMFET).
(a)| Source | | Drain (b) | Source | | Drain
Semiconductor Semiconductor
Dielectric Electrolyte
Gate Gate
(c) | Source | | Drain
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(e)| Source | | Drain
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OTFTs are well-suited for use in biosensing applications, due to the biocompatibility of the
materials used with biological recognition elements, such as enzymes [14]. Traditional electronic
materials, such as silicon and metals, require high processing temperatures and are non-porous and,
as such, are not well suited for incorporating enzymes, which denature at high temperatures and
require direct contact with their target analyte molecules. In addition, the low-cost fabrication
possibilities of organic electronic materials increase their practicality in throw-away applications in
which sensors may be desired to be used. Furthermore, the drawbacks of organic semiconductors,
such as their relatively low charge carrier mobility, which prevents them from competing with their
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conventional counterparts (such as silicon) in applications requiring high switching speeds, for
example, are less crucial to many sensing applications, in which taking tens or even hundreds of
seconds to generate a detection result is quite acceptable. In addition, organic semiconductors, such as
poly(3-hexylthiophene) (P3HT), can be readily modified through the deposition of a thin interfacial
layer in order to immobilize biological recognition elements for use in OTFT-based sensors [15].

2. Biosensors

Detecting and measuring the concentration of certain biological moieties is critical to many
medical and other scientific applications. For example, some of the analytes targeted by sensors
discussed below in this review are markers that show the presence or onset of disease or other health
problems. However, before examining the existing research in the area of organic transistor-based
biosensors, it is worth defining what constitutes a biosensor, since various definitions of a biosensor
have been proposed within the existing body of literature. For the purposes of this review, as in the
previous review by Kergoat et al. [6], we will use the IUPAC’s “Gold book™ definition, which
considers any device that “uses specific biochemical reactions mediated by isolated enzymes,
immunosystems, tissues, organelles or whole cells to detect chemical compounds usually by electrical,
thermal or optical signals” to be a biosensor [16], and this review will focus on those devices with an
electrical output integrated with one of the many varieties of OTFT.

Biosensors have enjoyed steady development since the earliest papers on the subject were
published (such as the 1962 report by Clark and Lyons [17]). There have been some excellent review
articles summarizing publications on biosensors employing organic electronics in recent years [3,4,6].
However, in this highly dynamic area, improvements to the selectivity and resolution of sensors, as
well as the introduction of new materials are often being reported, as research groups gradually
develop devices with a view toward commercial use in the not-too-distant future.

This review will summarize the field with a focus on recent advances, and the publications
discussed will be organized into three sections. The first section focusses on those sensors detecting
glucose enzymatically using glucose oxidase (GOx), since this system has had much attention in the
development of new methods and platforms for biosensing. The next section is dedicated to sensors
based on enzymes other than glucose oxidase, since the number of publications using non-GOx
enzymes has increased recently. Thirdly, sensors that detect biological analytes by non-enzymatic
mechanisms will be discussed in the third section. Any types of sensors involving inorganic
semiconductor layers in their transistor will not be covered in this review.

2.1. Enzymatic Glucose Sensing

The detection of glucose using GOx has long been used as a model detection system [18] and has
been included in biosensor studies going back to the 1960s [17]. This extensive use can be attributed
to three reasons. Firstly, the reaction with glucose, which is catalysed by glucose oxidase, has been
very clearly defined and well understood for many years, making it ideal for use in situations with
other unknown factors, such as newly-developed sensing platforms. Indeed, the high stability
and specificity of GOx has led to it being referred to as “the ideal enzyme” [19]. Secondly, H202, a
by-product of the glucose-GOx reaction, can electrochemically react with (oxidize) conjugated
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polymers, causing a change in conductivity [20], as well as an electrochemical break down when
exposed to an electrical potential into by-products, including charge carriers, making for two
potential sources of generating an electrical signal (see Equations (1) and (2)). Thirdly, and crucially,
the sensing of glucose has many extremely useful medical applications; in particular, for the
monitoring of blood-glucose levels in sufferers of diabetes.

Glucose on Gluconic acid + H,0, (1)
+ p—
H202 0.7V vs SCE) 02 + 2H + 26’ (2)

As early as the 1980s, there have been reports of enzymatic glucose detection using GOx along
with organic electronic materials, such as polypyrrole (PPy). Typically, the method reported
involved using conventional electrochemical techniques, such as cyclic voltammetry [21,22]. In
more recent years, there has been increased attention on developing a more fully integrated sensor
using GOx as the detection mechanism and OTFTs to provide the electrical signal to be measured.

In 2004, Zhu et al. demonstrated an OECT-based sensor in which PEDOT:PSS was the
semiconducting layer of the transistors, and a “well” (constructed from polydimethylsiloxane
(PDMS)) was formed above the channel of the devices to hold both the analyte solution and a
platinum gate electrode, which was suspended in the analyte solution [23]. In 2007, this work was
expanded upon when various concentrations of glucose solutions were mixed with GOx and added
to the well of the transistors, after which the change in resistance of the PEDOT:PSS layer was
measured [20]. The results indicated that the proposed device structure was more effective than a
plain “chemiresistor” (i.e., the same device with no gate electrode), since the sensitivity of the device
was greatly improved with a voltage applied to the gate (Figure 2), and sensitivity in the micromolar
range was achieved. In a subsequent paper using devices of a similar structure, the “offset voltage”
(the difference between the applied Vg and the effective Vg “seen” by the device) was found to
depend on glucose concentration and was used as the dependent variable in calibration curves [24].

Figure 2. Normalized resistance between the source and drain for Organic electrochemical
transistors (OECTs) exposed to different concentrations of glucose solution, at VG values
of 0.1 V and 0.6 V and with no gate connection.

T I I I I

Chemiresistor

G- @ N

T il ¢ ¢ $—=c |
0.001 0.01 0.1 1 10

Glucose Concentration (mM)

Reprinted from Sensors and Actuators B: Chemical, 123(1), Macaya et al., Simple glucose sensors with
micromolar sensitivity based on organic electrochemical transistors, 374-378, Copyright (2007), with

permission from Elsevier [20].
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Another approach used a different design of integrated sensor in which the enzyme was
mixed into a phosphate buffer solution and spin-coated to form a film on top of the PEDOT:PSS
semiconductor layer joining the source and drain [25]. When V¢ and the drain voltage (Vp) were
fixed at a given value, it was found that Ip increased as a function of the glucose concentration of a
solution that was dropped on top of the device. The devices showed a linear relationship between the
change in their Ip after analyte addition and glucose concentration in the one to 20 mM range
(sensitivity = 1.65 pA-mM '), with a response time in the order of 20 s.

More recently, Liao et al. have used GOx embedded into graphene or reduced graphene oxide
(rGO)-modified gate electrodes with which linear glucose sensing in the range of 10 nM to 1 uM is
achieved [26]. The high surface area of the graphene/rGO allowed for a two orders of magnitude
increase in the detection limit. The selectivity of the sensors due to the presence of glucose oxidase
was demonstrated by presenting analyte solutions of both uric acid and L-ascorbic acid, as well as
glucose to devices with and without the enzyme present. The enzyme-containing devices showed
a much higher response to glucose, whilst the level of response to the analytes in the enzyme-free
devices was comparable. The same group has also gone on to produce dopamine sensors of a similar
structure with graphene/rGO, again improving device sensitivity [27]. Furthermore, in 2011,
Tang et al. showed that the sensitivity of glucose detectors can be improved when GOx is used in
conjunction with nanoparticles to improve the effectiveness of how the enzyme is immobilized on
the devices [28].

One of the disadvantages of most of the OTFT-based enzymatic glucose sensors reported so far in
the body of literature is their relatively slow response speed, often in the tens or hundreds of seconds,
and improving this parameter may be a goal of future research in the area. However, for many
sensing applications, this may not be an issue, since for applications, such as determining the
concentration of glucose in the blood of a diabetes sufferer, these slow response speeds are not
important. In addition, response speeds of these prototype devices are likely to improve as the most
promising types of sensors undergo further refinements.

2.2. Other Enzymatic Sensors

Although the reaction between glucose and GOx has arguably attracted the majority of attention
historically, when it comes to OTFT-based enzymatic biosensors, the majority of recent reports
focus on other enzymes, which can be integrated into organic transistors to generate an electrical
signal related to the concentration of their target analyte. In this section, some interesting articles
from recent years reporting enzymatic sensors with non-GOx recognition elements are introduced.
Also included is a short discussion of some publications reporting enzymatic sensors, which,
although not incorporating organic transistors into their design, use processing steps or fabrication
methods compatible with OTFT-based designs and may be of interest to researchers considering the
development of new types of OTFT-based sensors.

Wang and Gao reported in 2010 a method of encapsulating urease into a single-layer PPy
membrane for the sensing of urea, a substance present in blood that can be a biomarker for some
serious illnesses in humans and other animals, depending on its concentration [29]. The PPy film was
electro-polymerized in the presence of the enzyme creating a thin film, which was subsequently used
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as the recognition element in a “BioFET”, which achieved the linear detection of the analyte from
0.1 uM through to 1 mM in a phosphate buffer solution.

In 2012, Buth et al. reported the detection of penicillin using solution-gated organic field effect
transistors (dubbed “SGFETs”) with a penicillinase-functionalized a-sexithiophene semiconductor,
which rely on the pH-sensitive nature of the a-sexithiophene combined with the proton-liberating
enzymatic reaction for their operation [30]. The sensitivity is claimed to be at least as good as similar
inorganic sensors (as high as 80 uV-uM™). In 2013, Khodagholy et al. demonstrated OECTs with
lactose oxidase incorporated into an “ionogel” on top of the devices [31]. The sensors can detect
lactate down approximately to 10 mM.

Some other recent publications report enzymatic sensors, which although not employing
transistors in their architecture, involve fabrication techniques that could be applicable for use in
sensors that do incorporate OTFTs. For example, Phongphut et al. reported the sensing of triglyceride,
a biomarker for some serious diseases, by immobilizing three different enzymes (lipase, glycerol
kinase and glycerol-3-phosphate oxidase) onto a working electrode fabricated using a PEDOT:PSS/gold
nanocomposite material [32]. The three enzymes act on triglycerides in subsequent steps to liberate
H>02, which can be detected electrochemically, and a low detection limit of 7.88 mg-dL™! was
achieved. Another example was reported in a 2013 publication from Jia et al. in which a novel
electrochemical sensor was fabricated in the form of a “temporary-transfer tattoo” capable of
continuous sensing lactose levels in human sweat (Figure 3) [33]. Lactate is a biomarker for tissue
oxygenation, critical in assessing physical performance in sports and other healthcare areas. High
selectivity was displayed, with little or no response to uric acid, glucose, creatinine or ascorbic acid.
Although the sensor does not incorporate an OTFT and required a connection to an external
potentiostat in the same way as a conventional electrochemical cell, it was fabricated largely from
printing techniques and solution-based materials, making it compatible with and perhaps able to be
improved by organic transistors. Finally, sub-millimolar sensing of urea (which when found in the
body in excessive quantities is a sign of kidney malfunction) using urease-functionalized polyaniline
and poly(vinylsulfonic acid) pH-sensitive membranes incorporated onto working electrodes in an
electrochemical cell was recently reported by Vieira and co-workers [34]. This type of device is also
known as a separative extended gate field-effect transistor (SEGFET), since the gate is separated
from the rest of the device by the solution in the cell.

2.3. Non-Enzymatic Biosensors

Enzymes which catalyse charge carrier-liberating reactions are arguably the most well-suited
recognition elements for OTFT-based biosensors, due to their inherent selectivity; however, there
have also been many non-enzymatic sensors reported recently, which are being shown to be highly
effective. Some of the most common recognition elements used in this category of sensors include
other (non-enzyme) proteins and antibodies. There are also sensors in this category that do not
employ highly specific recognition elements and, instead, rely on electrochemical reduction and/or
oxidation reactions induced by an electrical potential. Although such devices by their nature may
suffer from poor selectivity, they can have very high sensitivity and may still function as useful
sensors if the sensitivity to the target analyte is relatively high compared with other moieties found
in typical samples related to the application.
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Figure 3. (a) The intensity profile of an exercise routine; (b) a photograph of the
lactose-sensing transfer tattoo; and (c,d) current versus time for the devices with (red)
and without (blue) the enzyme present whilst the athlete is performing the exercise
routine with the intensity profile shown in (a).
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Reprinted with permission from Analytical Chemistry, 85, Jia et al., Electrochemical tattoo biosensors for

real-time non-invasive lactate monitoring in human perspiration, Copyright (2013) American
Chemical Society [33].

In a report from 2002, Someya et al. presented an early example of an organic transistor-based
biosensor based on electrochemical detection (i.e., no specific receptor/recognition element was
used). Lactic acid was detected at concentrations down to 10 uM using organic transistors with
a-sexithiophene (a6T) and copper phthalocyanine (CuPc) [35]. Since then, many other types of
non-enzymatic biosensor have been reported in the literature.

Biotin detection at concentrations as low as 15 pM has been reported recently by Magliulo ef al.
using OFET-based biosensors employing a “functional bio-interlayer” (FBI) as the material connecting
the source and drain (see Figure 4) [36]. The FBI consists of two materials: streptavidin (SA),
a protein that has an extremely high affinity to biotin, and the organic semiconductor, P3HT. The
protein layer was deposited both by spin-coating and by a self-assembly process, with these two
deposition techniques for SA showing comparable performance. When the transfer characteristics of
the devices were measured with aqueous solutions of biotin of various concentrations dropped on top
of the device, Ip was found to decrease with increasing biotin concentration, due to a change in the
P3HT layer’s electronic properties upon binding of biotin by the SA. Successful sensing trials were
also conducted in which the SA layer was replaced firstly with a biotin antibody and secondly with
the enzyme, horseradish peroxidase, showing that the “FBI-OFET” may be a promising platform for
a variety of biological recognition elements. In a previous paper from the same group, biotin was also
successfully immobilized on an organic semiconductor layer in an EGOFET, and SA was used as the
target analyte [37].
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Figure 4. (a) Cross-sectional diagram of functional bio-interlayer (FBI)-OFET with
a streptavidin layer for the detection of biotin; (b) the output characteristic of the
biotin-sensing FBI-OFET. Reproduced from [36].
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Justino et al. have recently reported a C-reactive protein (CRP) detecting NTFET, capable of
sensing analyte concentrations of 107 to 10> pg-mL " [11]. This range of concentrations covers the
critical range of around one to 10 ug-mL™", in which CRP is an important biomarker for conditions,
such as cardiovascular disease. The use of a simple OTFT-based sensor is appealing, as many
conventional detection methods (immunoassays) for CRP are expensive. This NTFET-based device
utilizes CRP antibodies by immobilizing them on the surface of the CNT joining the source and drain
electrodes, and the change in current between the source and drain when different concentrations of
CRP were deposited on top of the device was used as the calibration parameter (Figure 5).

Another recent report on an organic biosensor using antibodies as the recognition element
published by Chartuprayoon et al. employed very thin strips (so-called “nanoribbons”) of PPy as a
semiconductor layer [38]. Here, the cucumber mosaic virus (CMV) was detected with CMV
antibodies. Although the device used in this study could perhaps be most correctly classified as a
chemiresistor (rather than an organic transistor), its structure is such that it could easily be adapted to
include a gate electrode. This change in architecture could potentially increase performance, as seen
with some other sensing systems, which showed an enhanced response when a potential was added at
a third electrode in comparison with the chemiresistor case [20].

The detection of DNA, which is important in many medical applications, is also a popular area
of research for organic transistor-based biosensors. In 2010, Lin ef al. showed the detection of DNA
using organic field effect devices incorporating single-stranded DNA as the recognition element
(ssDNA) [39]. DNA was successfully detected down to concentrations of 1 uM. Furthermore, in 2010,
Kahn et al. exhibited DNA detection as low as 1 nM using peptide nucleic acid (PNA) as a recognition
element [40]. Since then, several other publications have exhibited DNA sensing using a similar
detection mechanism incorporated onto different types of transistors [41—43].
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Figure 5. Calibration curve for the OTFT sensor-based detection of C-reactive
protein (CRP).
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carbon nanotubes field effect transistors, 165—170, Copyright (2013), with permission from Elsevier [11].

Hammock et al. have recently reported on a thrombin sensor based on an OFET, capable of
detection down to approximately 100 pM [44]. The sensor is comprised of a standard bottom-gate,
top-contact OFET, with the sensing layer located adjacent to a polymeric semiconductor layer on top
of the devices. The recognition elements in these sensors are gold nanoparticles, which have been
functionalized by thrombin-specific DNA aptamers after being deposited on the semiconductor.

In another recent study, Tarabella et al. demonstrated that OECTs can be very efficient and
reliable sensing devices for detecting liposome-based nanoparticles on a wide dynamic range down to
107 mg:mL! (with a lowest detection limit, assessed in real-time monitoring, of 10~" mg-mL "' [45].
Even more recently, Huang ef al. have shown that glial fibrillary acidic protein (GFAP), a biomarker
associated with brain injury, can be detected with an OTFT-based biosensor in which its antibodies
were immobilized on a polymer film on top of the device [46]. Analyte solution is dropped on top of
this layer, and changes in Ip were found to be related to the concentration of GFAP. In 2011, Tang et al.
presented the detection of dopamine down to 5 nM concentrations. The detection mechanism was
standard electrochemistry using a platinum gate electrode suspended in the analyte solution [47].

The sensing of bovine serum albumin (BSA) and BSA antibodies (antiBSA) has been exhibited
by Kahn et al. in a duo of papers released in 2011 [48,49]. For the sensing of BSA, antiBSA was
used at the detection element and vice versa. Pentacene was used as the semiconductor in these
devices, which after passivation with perfluoropolymer, were found to be air and water stable,

broadening their potential applications.
2.4. Biosensor Summary

As was seen in this section, organic transistor-based biosensors come in many different
architectures and use different mechanisms to liberate electrical signals in response to the concentration
of an analyte. The selectivity of devices that use enzymes, antibodies or other highly selective
recognition elements in particular show great promise for high-performance, low-cost sensors.
Non-specific electrochemical sensing techniques can also be effective, but suffer from a lack of
selectivity. The stability of the materials used in biosensors has received a relatively low amount of
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attention in the literature to this point, although some papers have discussed this critical issue, and
Kahn et al.’s study on the stability of passivized devices shows encouraging results [48].

Table 1 shows a summary of the literature discussed in this section. Included in the table is the
target analyte, the material used to detect the analyte, the type of transistor (or otherwise) used in the
sensor and the upper and lower concentration limits of analyte detection. The range of concentrations
that a sensor can detect is not the parameter by which such devices should be measured. Other critical
factors that should be considered in order to determine the practicality of sensors include the selectivity
of the devices, their sensitivity and their ease of fabrication, amongst others.

3. Pressure Sensors

There have been significant advances in recent years in the development of OTFTs and
OTFT-based arrays designed for use in artificial intelligence applications, such as so-called “electronic
skin” (e-skin) and “‘electronic nose” (e-nose). Someya and co-workers at the University of Tokyo
were the first to publish reports outlining the development of what they dubbed “e-skin” [51-54].
The principles of e-skin are based on the detection of pressure and force either statically or dynamically.
In these initial reports on e-skin, OTFTs, pressure-sensitive rubber and thermal sensors are combined
to create fully flexible, pressure and temperature-sensitive artificial skin for use in the robotics
industry. However, the pressure sensor arrays in the e-skin are not directly integrated with the
transistors, but rather, are formed from a commercially available pressure-sensitive rubber containing
carbon particles and a silicone rubber matrix, whilst the OTFTs act simply as signal transducers (see
Figure 6). The electrical resistance between the top and bottom surfaces of the carbon-containing
rubber material is a function of the mechanical deformation of the sheet and, thus, the pressure

applied to it.

Table 1. A summary of the biosensor devices discussed in this review. The bounds on
detectable analyte concentrations are given in molar ratios where possible. * Denotes the
use of a non-specific electrochemical mechanism. CuPc, copper phthalocyanine; SEGFET,
separative extended gate field-effect transistor; SGFET, solution-gated organic field
effect; NTFET, carbon nanotube FET; BSA, bovine serum albumin.

Recognition Claimed Lower and Upper

Analyte(s) Device Type . L. Year Ref.
Element Detection Limit

OECT 0.1 mM 1 mM 2004  [23]

OECT 1 uM 30 mM 2007 [20]

OECT 1 uM 1 mM 2007  [24]

Glucose Glucose oxidase OTFT 1.1 mM 16.5 mM 2008  [25]
OECT (device and

. ) 5nM > mM 2011 [28]
analyte in solution)

OECT 10 nM 1 uM 2013 [26]

Lactic acid CuPc * OFET 10 uM 2 mM 2002 [35]
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Table 1. Cont.

Recognition Claimed Lower and Upper

Analyte(s) Device Type . L. Year Ref.
Element Detection Limit
BioFET 0.1 uM 1 mM 2010  [29]
Urea Urease SEGFET (device and
. ) 50 uM 10 mM 2013 [34]
analyte in solution)
Penicillin Penicillinase SGFET 10 uM (approx.) 600 uM 2012 [30]
OECT 10 mM 100 mM 2013 [31]
. Non-transistor
Lactate Lactose Oxidase .
electrochemical 1 mM 30 mM 2013 [33]
device
Liposome PEDOT:PSS * OECT 10 pgrmL™! 0.lmgmL™"' 2013 [45]
Biotin Streptavidin FBI-OFET 15 pM 500 nM 2013 [36]
Streptavidin Biotin FBI-OFET 10 nM 1 uM 2013 [37]
C-reactive L
) CRP antibodies NTFET 0.1 ng'mL™"! 100 pgmL™" 2013 [11]
protein (CRP)
Cucumber
mosaic virus CMV antibodies Chemiresistor I ngmL™! 100 uygmL™" 2013  [38]
(CMV)
Lipase, glycerol
. . kinase and Non-transistor B B
Triglyceride . 7.88mg:dL™! 531 mgdL' 2013  [32]
glycerol-3-phosphate electrochemistry
oxidase
Dopamine Metal electrode OECT 5nM 2011 [47]
Glial fibrillary ) )
. . GFAP antibodies OTFT 20 pM 20 nM 2014 [46]
acidic protein
BSA Anti-BSA OTFT 1 uM 10 uM 2011 [48]
Anti-BSA BSA OTFT 10 nM 2 uM 2011 [49]
pH n/a Dual-gate OTFT pH?2 pH 10 2010  [50]
Single-stranded
OFET 100 nM 50 uM 2010  [39]
DNA
PNA OTFT 1 nM 100 nM 2010  [40]
DNA Single-stranded
OECT 10 pM >1 uM 2011 [43]
DNA
PNA OTFT ~1 nM ~100 nM 2012 [42]
DNA Water-gated OFET 100 nM n/a 2012 [41]

Similar devices utilizing pressure-sensitive rubber for pressure detection have also been based
upon space-charge limited transistors (SCLT) with P3HT as the active layer [55]. An SCLT is a
vertically configured transistor with a grid electrode inserted between the source electrode and the
drain electrode to control the vertical current flow. As pressure is applied to the pressure-sensitive
rubber, the resistance and, therefore, current in the source-drain circuit is systematically modulated,
allowing the applied pressure to be monitored. Impressively, the response time of the sensor to the
pressure is less than 22 ms. A flexible pressure sensor has also been realized by using transparent
plastic foil (Mylar), both as the substrate and gate dielectric [56,57]. Pressure was applied by the
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application of compressed air flow, and data analysis suggests that pressure-induced variations
in Vg, threshold voltage and contact resistance are responsible for the current variations, but the
mechanism of detection is not fully understood. Nonetheless, the changes in Ip are reproducible.
Moreover, the sensor responds very fast to a mechanical stimulus (tens to hundreds of milliseconds),
but the time required to reach the steady state is much higher (tens to hundreds of seconds). A clever
solution to pressure sensing has been offered by Kim et al. [58]. An OTFT pressure sensor based on
soft-contact lamination was fabricated using an elastic polydimethylsiloxane (PDMS) mould with
gold electrodes. The effective channel length of the laminated OTFT was controlled by external
pressure on the structured PDMS mould; the observed changes in source-drain output currents,
therefore, corresponded to these external loads without any change of the material properties. As a
result of the elastic properties of the PDMS mould, the laminated device was returned to its former
state after the external pressure was released. Based on this device property, reversible and time
durable operations of the device were demonstrated. Using PDMS as the dielectric material and
a designed microstructure array of pillars in the dielectric layer, Mannsfeld et al. demonstrated
a highly sensitive, flexible bio-compatible pressure sensor for e-skin application [59]. Similarly,
Kim, et al. used a nano-needle structured dielectric layer and showed a high sensitivity up to 1.76 kPa™",
as determined by the normalized change of capacitance of the dielectric layer [60].

Figure 6. The structure of a pressure sensor (left) using a pressure-sensitive rubber as a
transducer. Shown also is the thermal sensor (right) reported in the same publication.
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Furthermore, Darlinski et al. have shown that organic thin-film transistors are inherently sensitive
to applied pressure [61]. The pressure dependence of pentacene transistors with a solution-processed
polyvinylphenol gate dielectric on glass substrates was investigated by applying uniaxial mechanical
pressure with a needle. The measurements showed a reversible current dependence of the transfer
characteristics with Ip reproducibly switching between two states. Experimental and simulation
results suggested that turn-on voltage and interface resistance are being affected. However, the
change takes of the order of seconds, hinting at charge trap states in the pentacene being responsible
for the effect. This work demonstrated a much simpler way of making pressure sensors; however,
the mechanism governing the sensitivity is yet to be understood. Cosseddu, Milita and Bonfiglio also
showed that pentacene is a better electromechanical material than P3HT for the fabrication of
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low-cost pressure sensors, due to the low crystallinity of the P3HT thin film, making it less sensitive
to any deformation [62].

More recently, Schwartz and co-workers reported using a micro-structured PDMS dielectric: the
pressure-sensitive OTFT achieved a maximum sensitivity of 8.4 kPa™! (in terms of a normalized
change in Ip). Furthermore, a fast response time of less than 10 ms, high stability (more than
15,000 cycles) and a power consumption of less than 1 mW were achieved. [63]. Lai and co-workers
reported the use of a PDMS capacitive sensor and a floating gate, showing that it is also feasible to
fabricate a pressure sensor for artificial skin [64]. This type of device works at —2 V for both Vb and
Vi, making it easily operable from batteries.

Organic transistor-based pressure sensors have shown much promise for e-skin applications, and
the mechanisms used are varied. Table 2 summarizes the organic transistor-based pressure sensors
presented here, their device structure, sensitivity and the operation mechanism that results in the
sensing effects. Few of the discussed papers mention the details about the exact device pressure
sensitivity and the response time. There is little known about what the critical criteria are that
make effective artificial skin in terms of the sensitivity and response time. In addition, it is still
questionable whether large area pressure sensing is achievable under the reported device architectures
for e-skin applications. For an OTFT-based pressure sensor, whether it is necessary to demand
device operation at low voltages for health, safety and power consumption concerns is dependent on
the application.

Table 2. A summary of the pressure-sensing devices discussed in this review.

Current Modulation

Device Materials/Structure Sensitivity Response Time . Year Ref.
Mechanism
Polyimide/pentacene/ - Pressure- and
) 30 kPa™! n/a . . 2004 [51]
conductive rubber network thermal-sensitive materials
Graphite containing - Hundreds of )
30 kPa™! o Change in transconductance 2005  [52]
rubber/pentacene milliseconds

Single-walled carbon o
) Pressure-sensitive rubber
nanotubes as a conducting n/a n/a 2010  [53]
. . conductor
dopant in a rubber, FET matrix

Ionic liquid/conductive - Tension-dependent
30 kPa! n/a 2010 [54]

rubber/sensor array conductive rubber

.. Space charge limited, low
Pressure-sensitive rubber n/a 22 ms ) 2009 [55]
voltage operation at ~3 V

Plastic foil as dielectric layer Tens to hundreds . .
n/a Mobility or interface effects 2007  [56]
(Mylar) of seconds
Plastic foil as dielectric layer Tens to hundreds
n/a Interface effects 2006  [57]
(Mylar) of seconds
0.14~0.3

B Pressure dependent channel
PDMS mould on gold (N/mm?)™! or n/a 2010  [58]

B length
140~300 kPa™!
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Table 2. Cont.

Current Modulation

Device Materials/Structure Sensitivity Response Time . Year Ref.
Mechanism
Microstructured PDMS L
. ] Millisecond .
dielectric layer, rubrene n/a Capacitive effect 2010  [59]
range

semiconducting layer

The sharpness of the

Nano-needle dielectric layer 1.76 kPa™! n/a 2012 [60]
nano-needles

PVP/Pentacene n/a 20s Trapped charges 2005 [61]

Devices with P3HT and .

] . P3HT layer is less
pentacene semiconducting n/a 100 ms . 2012 [62]
crystalline than pentacene
layers
Microstructured PDMS
dielectric and - Operating device in the
o ) 8.4 kPa™! Less than 10 ms ) 2013 [63]
polyisoindigobithiophene-siloxa sub-threshold regime

ne semiconductor

. . . Ultra-low voltage
PDMS dielectric layer with a

. n/a n/a operation, variation in the 2013 [64]
floating gate

PDMS capacitance

4. Vapour Sensing

In 1982, Persaud and Dodd first proposed the concept of an artificial nose, which operates as a gas
sensor for the recognition of odours [65]. Later, the term “e-nose” was used to describe a sensing
device resembling a mammalian nose to detect various gases. There is only a very limited amount of
work published so far on OTFT-based systems suitable for e-nose applications. Ideally, an e-nose
sensor should satisfy the following criteria: high sensitivity to chemical compounds, low sensitivity
to humidity and temperature, high stability, high reproducibility, fast response time, robust, easy
calibration and small physical dimensions [66]. Most work published on OTFT-based gas sensors
have shown that they satisfy one or two aspects of the above criteria, thus making them potential
candidates for use in an e-nose.

In 2005, Liao et al. reported on a back-gated OTFT in which the sensor material is also the active
layer for the transistor itself. Toluene and propanol have been tested, and the OTFT devices are
sensitive towards exposure to the gas pressure. The authors also showed the OTFT potentially
are able to discriminate between water and milk [67]. Li and Lambeth showed that using a
nanostructured rr-P3HT as the active layer, OTFTs show sensitivity to 10 analytes, although the
device responses are different for polar and nonpolar gases. The authors attributed the sensing
behaviour to the grain boundary effect, which affects OTFT charge transport [68]. Wedge and
co-workers using a four-OTFT array structure and an amorphous semiconductor, polytriarylamines
(PTAAs), as the active layer and sensing material, combined with a genetic programming pattern
recognition, successfully produced a vapour sensor with high sensitivity and specificity [69]. Liao
and co-workers tested the effects of the side chain length of polythiophene and the film thickness in
the active layer, together with the size of analytes on the sensing responses. They found that the
OTFT based sensors can map out different amine gas mixtures [70]. Wang and Swensen proposed a
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dual-mode sensing approach by utilizing a set of different and independent transduction signals for
vapour detection. They employed luminescent organic semiconductors as the active layer materials,
which produce both electrical and optical signals under gate modulation. They demonstrated that
these OTFT-based sensors can be used to detect the explosive vapour. However, the operation
voltage is quite high (more than 50 V) [71].

Explosive detection has also been explored with encouraging results, firstly by Huang ef al. in
2010 [72] and also by Kong et al. in 2012 [73]. More recently, Kybert ef al. reported that by using
functionalized carbon nanotubes as the active layer and incorporating single-stranded DNA as the
sensing agent, so-called “DNA-NT OTFT” gas sensors can be fabricated. The device responds to
both the DNA sequence and the analytes, showing a positive response to D-limonene and a negative
response to L-limonene, as well as being able to distinguish the isomers of pinene [74].

We propose that one of the reasons for the relatively small number of publications on
OTFT-based sensors for “e-nose” applications is due to there being limited options for materials
suitable for the semiconducting layer in an OTFT that are also effective for selective gas sensing.
Only the bottom gate architecture is feasible if the active layer materials must play these dual roles in
the sensors. The sensing signal is triggered by the electrical change in the channel and magnified by
the Vg modulation. More exploration on the incorporation of chemically-sensitive elements into the
OTFT channel appears to be a desirable line of investigation in the coming years.

5. Conclusions

In conclusion, the three types of OTFT-based sensors covered in this review show much promise
for their eventual integration into applications outside the laboratory. Two distinct strategies
have been used in the development of devices for OTFT-based sensing applications. Firstly, for a
multiple-layer, structured OTFT, the organic materials used in the construction of the OTFTs themselves
can also probe the analytes and induce changes in the conductivity of the source-drain channel. By
measuring the change in the electrical signal in the channel, sensing responses can be quantified in a
straightforward manner. The other method requires embedding an extra material, that is a sensitive
and selective recognition element, into the device. The former is stricter on the material suitability,
and in the latter, material compatibility is more critical. It is also desirable to have the operation
voltages below 5 V for a portable, battery-powered device, which is possible for most OTFT-based
sensors reported in this review. Progress in recent years has shown both increases in the sensitivity and
selectivity of OTFT-based sensors, as well as the range of analytes targeted by such devices. Recent
advances, along with the potential for economies of scale in the large-scale fabrication of organic
electronic devices in general, gives optimism that reliable, low-cost OTFT-based sensors will be
produced in the not-too-distant future.
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Chapter 8

Anomalous Response in Heteroacene-Based Organic Field
Effect Transistors under High Pressure

Ken-ichi Sakai and Jun Takeya

Abstract:  Carrier transport  properties of organic field effect transistors in
dinaphtho[2,3-b:2',3'-f]thieno[3,2-b]thiophene single crystals have been investigated under high
pressure. In contrast to the typical pressure effect of monotonic increase in charge transfer rates
according to the application of external hydrostatic pressure, it is clarified that the present organic
semiconductor devices exhibit nonmonotonic pressure response, such as negative pressure
effect. X-ray diffraction analysis under high pressure reveals that on-site molecular orientation
and displacement in the heteroacene molecule is assumed to be the origin for the anomalous
pressure effects.

Reprinted from FElectronics. Cite as: Sakai, K.; Takeya, J. Anomalous Response in
Heteroacene-Based Organic Field Effect Transistors under High Pressure. Electronics 2014, 3,
255-265.

1. Introduction

Organic molecular solids, such as organic semiconductors, have been studied intensively due to
their considerable scientific and industrial uses. The pristine electronic properties of such material
ensures good insulation because of the closed-shell structure of organic molecules, but they can
also become electric conducting materials when a charge accumulation layer is formed by the
application of an electric field on the surface. The n-electrons, whose interaction is described by
weak van-der-Waals interaction, are responsible for the charge transport, in sharp contrast to those
in inorganic semiconductors with a well-defined covalent network for charges to transfer. Hence,
organic semiconductors have often seemed to provide poor electric conductivity and it appears
that the hopping transport mechanism is realized on the basis of localized electronic states.
Nevertheless, it has been revealed that some of the organic semiconductor systems show moderate
carrier mobility above 1 cm?/Vs [1—4] and the charge transport mechanism is dominated by a band
transport system described by spatially-distributed Bloch waves similar to ordinary metals, but on
the verge of self-localization because of the strong molecular fluctuation [5]. From a microscopic
viewpoint, the peculiar shape of molecular orbitals in such compounds causes condensation in the
corresponding crystal structure at ambient pressure as a result of naive balance between mutually
attracting London force and Coulomb repulsive force. Therefore, considerable impact is expected
with the application of external pressure, not only by reducing molecular distance but also by
deforming the crystal structure due to freedom of onsite molecular orientation. This is essentially
different from inorganic semiconductors composed of atoms which appear as a spherical mass
point. Therefore the application of external pressure is expected to induce a striking change in not




134

only simple reduction of intermolecular molecule distance, but also the deformation of the crystal
structure due to the freedom of onsite molecular orientation, and the unanticipated pressure
response of electronic properties unlike a simple linear increase in charge transfer rate. Looking at
the current progress the electronic industry is making in organic semiconductors, this kind of work
becomes necessary for the development of flexible and soft-printed organic devices which is
subjected to a bending force behaving like pressure.

In this paper we introduce a method of measuring the effect of hydrostatic pressure on charge
carrier conductivity in organic semiconductor crystals, introducing the charge with the application
of an electric field on the semiconductor surfaces. In addition to the measurement of common
transfer characteristics of drain current as a function of gate voltage shown in former pioneering
studies [6,7], we performed four-terminal conductivity measurements to exclude extrinsic
influences of metal-to-semiconductor contact resistance [8]. In previous studies, carrier mobility u
of hydrocarbons, such as rubrene, pentacene, were shown to exhibit a positive pressure response
against external pressure p, and their pressure coefficient, du/dp, is extremely larger than used in
inorganic semiconductors. Here we focused on the pressure effect of one of heteroacene-based
compounds, dinaphtho[2,3-b:2',3'-f]thieno[3,2-b]thiophene (DNTT). It was found that DNTT
shows far larger du/dp values whose sign can even be negative. The result cannot be explained
by the simple model: increase in charge transfer rate with decreasing molecular distance. We note
that the pressure effect of molecular solids can be explained by taking into account displacement,
rotation and other degrees of freedom originating from molecular shapes. From an X-ray diffraction
experiment, we constructed a plausible model of the pressure-induced structural deformation. In
combination with the measurement of anisotropic charge transfer and structural studies, a route to
study the so-called “structure-property relations” is provided [9].

2. Experimental Section
2.1. Preparation of Single-Crystal Organic Semiconductor

In the present study, platelet-shaped single crystals of DNTT were employed as the channel
material. The DNTT single crystals were prepared by the physical vapor transport method [10].
After purification of crude powder samples supplied from Nipponkayaku Co. by vaporizing at 285 °C
and coarse crystallization at 213 °C in a two-zone tube furnace under Ar gas flow (>99.999% for
gas purity and 200 ccm for flow rate, respectively), the coarse crystals are slowly recrystallized at
the same temperature in three days.

2.2. Carrier Transport Measurement under High Pressure

In order to realize stable and reproducible measurement under high pressure, device structure
and pressure cells were newly developed. The charge transport measurements are performed by the
four-terminal technique at room temperature to obtain the information about intrinsic charge
transfer properties of channel material. All the components of the measured devices are fabricated
by polymer materials except for electrodes so that nearly homogeneous shrinkage by pressurization
is realized. The field-effect transistor devices with the top-contact and bottom-gate structure are
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fabricated as follows. A patterned gate electrode of 20 nm thickness is vapor-deposited through a
shadow mask on a polyethylene naphthalete (PEN) substrate. A gate-insulating layer of CYTOP
(Asahi Glass Co., Tokyo, Japan) is formed by spin-coating and subsequent heat treatment at 140 °C
for 15 h. A single-crystal DNTT flake with a thickness of less than 1 pum is carefully taken and
laminated on the position of the gate electrode. DNTT samples with well-defined crystallographic
shape are chosen for experiments so that anisotropic effect of transport properties can be discussed
(Figure 1). Then Source-drain electrodes and four voltage terminals are formed by vapor deposition
of 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane and over-deposited gold layers through a
shadow mask to the thickness of 1 nm and 20 nm, respectively. Carbon past is used to cover the step
edges of electrodes on the periphery of DNTT single crystal. The central channel area is finally
shaped into Hall-bar structure by laser etching process and just on the top of the gate electrode. The
channel size is 100 um in width and 150 um in length, respectively. The distance between adjacent
voltage terminals along the channel direction is 50 pm. Whole device structure is illustrated in
Figure 2a,b. The device is covered with a-few-um thick parylene for passivation and the
completely and then completely filled in epoxy (STYCAST 1266) for the mechanical stability. The
devices are introduced in a standard Cu-Be pressure cell and Fluorinert FC70/77 is used for the
pressurizing medium (Figure 2c¢).

Figure 1. A photograph of a single crystal dinaphtho[2,3-5:2'3"-f]thieno
[3,2-b]thiophene (DNTT) platelet. Crystalline direction for the a and b axes are
indicated by white arrows [9].

b
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In the present study pressure dependence of the four-terminal carrier mobility at each pressure
((P) is taken into account for quantitative argue of pressure effect of the charge transport. u is
defined as

Cav, ey

where C is capacitance of the CYTOP gate insulator in a unit area, ¢ is the four-terminal sheet
conductivity and Ve is the applied gate voltage. C is modified as a Pressure-variable number C(P)
which is identified in our previous study; we estimated dependent carrier mobility under each
pressure by precise Hall-effect measurement using rubrene single-crystal Field-Effect-Transistors
(FETs), so that C(P) turned out to change by 10% at 0.5 GPa [8]. Carrier mobility is estimated at
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Ve =-100V, where field-induced carriers are accumulated at the bottom of the conduction band
into avoid contribution of trap-involved pressure effect in the subthreshold regions as is investigated
in rubrene single-crystal transistors.

Figure 2. (a) Side view and (b) top view of device structure; (¢) Schematic illustration
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2.3. Structural Analysis

X-ray diffraction (XRD) experiments were carried out using well-purified DNTT powder by a
synchrotron radiation source on the beamline BLIOXU at SPring-8 in order to have an idea of
change in unit cells in high pressure. The sample is introduced into a diamond anvil cell with the
pressure medium (FC70/77). Applied pressure is measured by a simultaneous ruby fluorescence
measurement. The wavelength of X-ray is 0.41413 A. The diffraction patterns were obtained with
an imaging plate detector as a function of 20 (6 is an incident angle of X-ray). Here we should
pay attention that deformation of unit cell observed in powder X-ray diffraction experiment is not
precisely consistent with that in our transistors. However, they are somehow comparable due to the
fact that the anisotropic behavior of lattice constants in rubrene single crystal under high pressure is
consistent with that of carrier mobility [11].

3. Results and Discussion

The unit cell of DNTT is monoclinic, meaning that there are four lattice parameters, lattice
constants along a, b, and ¢ axes and an angle 3, defined as crossing angle of a and ¢ axes. The XRD
patterns as a function of 20 at each pressure point are shown in Figure 3. No disappearance and
emergence of peaks in pressurizing process is observed, indicating that there is no structural phase
transition up to 2 GPa. Every peak shifts toward larger angle, indicating the overall shrinkage of
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unit cell. We choose four distinctive peaks assigned to (100), (003), (020) and (111) so that the four
lattice parameters can be identified. Note that the result is consistent with the positions of all over
visible peaks.

Figure 3. XRD patterns for pressurized powder DNTT. Red, blue, green and dark
arrows indicate (100), (003), (020) and (11-1) reflection peaks, respectively [9].
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Figure 4a,b indicate the variations of these parameters as a function of pressure. It was found

that the lattice parameters a, ¢ and B shows rapid variation at the lower pressure range (approximately
less than 0.2 GPa) and then moves to more moderate pressure dependency at higher pressure range,
in contrast to the variation of » showing an almost constant rate. For further discussion consider the
molecular rearrangement in the process of pressurization. Figure 4c shows the ratio of compressibility
in a (kq) and b (x») directions. Here the compressibility is defined as the differential coefficient
estimated from two adjacent measurement points,

1 L(P)-L(P)

ST @

i J

where P; and P; are two adjacent pressure points (P: > P;). L(P:) and L(P)) are the lattice constants
evaluated at each pressurized condition and P is the average value between P; and P;, defined as
(Pi + P))/2 for the sake of convenience since lattice constants plotted in present paper are discrete
value; therefore x-values of data points in Figure 4a,c are deviated.
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Let us focus on the discussion of the pressure effect below approximately 0.2 GPa. Within this
pressure range xa/k» is larger than 1, suggesting that the deformation of unit cell in ab plane is
dominated by the shrinkage along a-axis. In this case molecules are supposed to be rearranged with
concomitant rotation indicated by the curved red arrows in Figure 4d. For a higher pressure range,
the unit cell starts to shrink along b-axis since xa/k» < 1, in which the molecules are supposed to
start onsite rotation along the opposite direction to that in the lower pressure range (curved blue
arrows in Figure 4d). Note that the relationship between the dominant shrinkage direction of unit
cell and the corresponding molecular rearrangement mentioned above is consistent with structural
change experimentally observed in the oligoacene system, such as anthracene, pentacene and tetracene

Figure 4. Pressure dependence of (a) lattice constants for three crystallographic
directions and (b) P, defined as the intersection angle between a and c axes;
(¢) Compressibility ratio between a and b axes as a function of applied pressure;
(d) Schematic diagram of suggested molecular rearrangement in ab plane. The two
pictures depict the molecular rearrangements in case of shrinkage along the a and b
directions, respectively. Red and blue arrows indicate the rotation direction; (e) Crystal
structure in ac plane. Dark and light molecular images and arrows indicate molecules
located on the front and reverse side and corresponding displacement direction in

pressurization process, respectively [9].
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It is noted that similar pressure dependences are shown among a, ¢ and B: drastic change
in lower pressure region and the following slow change in higher pressure region (Figure 4d).
To approach this experimental result let us take into account the molecular rearrangement in ac
plane which is characterized by these three lattice parameters. As an external mechanical force is
added intermolecular interaction is enhanced due to the access of nearest-neighbor molecules. The
n-electrons tend to be localized on electro-negative sulfur atoms as compared to carbon and
hydrogen sites [14], in addition to the effect of spatially large occupation of the 3p. orbitals on
sulfur atoms. Therefore it is expected that intermolecular interaction of nearest-neighbor DNTT
molecules are highly dominated by effects between sulfur atoms of different molecules. As the
interaction between nearest-neighbor sulfur atoms marked by blue circles in Figure 4e becomes
large with increasing pressure, the adjacent molecules tend to displace along c-axis to reduce the
energy loss of Coulomb repulsion. Because sulfur-to-sulfur interaction is pronounced along a-axis,
both ¢ and B parameters exhibit drastic change under relatively low pressure in the region of xa/x» > 1
where shrinkage of a is dominant, while the values are less sensitive to pressure when shrinkage
onn the b-axis is dominant at higher pressure. The greater sulfur-to-sulfur interaction along the
a-axis than the b-axis is also consistent with higher carrier mobility on the a-axis compared to that
along the b-axis. Note that the change in B up to 10° at around 2 GPa contrasts that observed in
sulfur-free oligoacenes in which only a few degrees of deviation up to 10 GPa is observed for
angles, so called a, f and y [12,13].

Pressure effects of carrier mobility in DNTT-FETs are measured along two distinctive
crystallographic directions, a- and b-axes. Transport and output characters and carrier conductivity
as a function of gate voltage are indicated in Figure 5 for each axis. For quantitative discussion of
pressure effects on carrier transport properties of DNTT-FETs, let us introduce the increasing rate
defined as

Au(P) _ [u(P)—u(0)] ;
1(0) 1(0) (3)

where #(P) and p(0)are four-terminal mobility at a certain pressure P and that in the ambient

condition. Note that estimated carrier mobility along each axis in ambient conditions is 2.1 cm?/Vs
for a-axis and 1.3 cm?/Vs for b-axis respectively. This anisotropic value is in agreement with a
previous report [15]. The pressure dependence of carrier mobility is shown in Figure 6 at the
drain bias voltage V'p of =10 V. In the present study, the reproducibility of carrier mobility against
compression and decompression is confirmed. Simultaneous plots of pressure-dependent carrier
mobility of rubrene [8] and pentacene [16] devices reveal that carrier transport of DNTT is much
more sensitive to pressurization and, furthermore, shows the nonmonotonous pressure response
characterized by the appearance of peak and valley at 0.15 GPa on the @-axis and b-axis devices,
respectively. Note that this is a quite different feature in contrast to two other hydrocarbon FETs
with simple linear responses.
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Figure 5. (a) Transport and (b) output properties of DNTT-FET for a-axis conducting
direction; (c) transport properties of DNTT-FET for b-axis conducting direction.
Photographs for each devices are inserted in (a) and (c); (d) four-terminal conductivity
in ¢ and b-axes at ambient condition. The estimated carrier mobility is 2.1 cm> V! 7!
for g-axis and 1.3 cm? V! s7! for b-axis at VG =—100 V, respectively [9].
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To assist in understanding this phenomenon, it is good to associate this problem with the
structural variation by external pressure as shown in Figure 4. The appearance of a peak in Au(P)/u(P)
can be taken that the sign of the derivative du/dP for each axis is converted at 0.15 GPa, which
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coincides with the crossover point of x./kp = 1, representing a simultaneous change in the
anisotropic deformation of unit cell at the same pressure. Therefore the anomalous pressure
response of carrier mobility on DNTT-FET seems to be connected with the change in molecular
arrangement mentioned above. When p < 0.15 GPa, our results suggest that the molecules are
likely to rearrange so that face-to-face n—m stacking is enhanced along the a-axis, which leads to the
increase in carrier mobility on the a-axis and decrease on the b-axis. In contrast, when p > 0.15 GPa,
the structural change has the opposite effect, so that carrier mobility decreases on the a-axis and
increases on the b-axis, respectively. Therefore the peak structure results from crossover between
the two distinct molecular rotations associated with pressurization. At a higher pressure than
0.30 GPa, a slight increase in carrier mobility on the a-axis can be seen due to the predominance of
the normal pressure effect from the increase in density of molecular packing. Note that the
contribution of molecular rearrangement is suppressed in the profile of Au(P)/u(P) in this pressure
region. We have demonstrated the relationship of carrier transport properties and the structure of
DNTT-FETs via their pressure response. However, for further elucidation of structure-property
relations of pressure-sensitive organic semiconductors, crystal structure analysis under high
pressure should be completed so that we complement the detailed information about the molecular
rearrangement. The magnitude of pressure coefficient is up to 3.8 GPa™! along the a-axis and
is extremely large below 0.15 GPa as compared to those of rubrene (0.2 GPa!) and pentacene
(0.4 GPa™'), which is already one order larger than typical values for inorganic materials [17].
In conjunction with the significant contribution of the sulfur-to-sulfur interaction which causes
peculiar displacement in the ac plane, the presence of sulfur atoms in DNTT is responsible for the
anomalous pressure dependence in carrier mobility, indicating the significant contribution of 3p;
orbital on sulfur to the charge transport in the semiconductors and to the device performance. It is
highly expected that the more efficient charge transfer on the g-axis is realized in DNTT FETs
by pressurization, due to the enhancement of orbital overlap, and especially the presence of more
spatially-spread 3p: orbital on sulfur atoms than those for carbon and hydrogen, the main components
of rubrene and pentacene.

4. Conclusions

Charge transport properties and structures of DNTT have been investigated under high pressure.
The crossover of on-site molecular rotation and simultaneous anisotropic deformation of unit
cells have been observed. It is suggested that access to nearest-neighbor sulfur atoms as a result
of pressurization is responsible for both in order to suppress the repulsive electrostatic interaction
between negatively-charged sulfur atoms. Also, the corresponding pressure effect of charge transport
on DNTT-FETs can be well-explained by the structural change, indicating the successful
observation of so-called structure-property relations. Furthermore the giant pressure effect with
extreme pressure response up to 3.8 GPa! is attributed to the widely-distributed 3p. orbital
localized on sulfur atoms. Through this study, we have clarified that the presence of sulfur atom
plays an important role for the realization of anomalous and giant pressure effect observed. It is
noteworthy that nonmonotonous evolution of structural change and charge transport is attributed to
the specific molecule-to-molecule interaction due to the peculiar molecular shape, in sharp contrast
to the case of inorganic semiconductors which can be seen as assemblies of more symmetric
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atoms. These experimental observations evidence how heteroelement affects the properties of
heteroacene-based molecular compounds. It is demonstrated that investigating pressure effects of
organic semiconductors is a powerful method to clarify the relationship between charge transport
mechanisms and microscopic molecular alignments. The knowledge obtained will assist in designing
new compounds and practical devices, such as flexible and soft printed devices in which a mechanical
force is applied in the bending process.
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Section IV: Organic Light Emitting Diodes
Chapter 9

Emerging Transparent Conducting Electrodes for Organic
Light Emitting Diodes

Tze-Bin Song and Ning Li

Abstract: Organic light emitting diodes (OLEDs) have attracted much attention in recent years as
next generation lighting and displays, due to their many advantages, including superb performance,
mechanical flexibility, ease of fabrication, chemical versatility, etc. In order to fully realize the
highly flexible features, reduce the cost and further improve the performance of OLED devices,
replacing the conventional indium tin oxide with better alternative transparent conducting electrodes
(TCEs) is a crucial step. In this review, we focus on the emerging alternative TCE materials for
OLED applications, including carbon nanotubes (CNTs), metallic nanowires, conductive polymers
and graphene. These materials are selected, because they have been applied as transparent electrodes
for OLED devices and achieved reasonably good performance or even higher device performance
than that of indium tin oxide (ITO) glass. Various electrode modification techniques and their effects
on the device performance are presented. The effects of new TCEs on light extraction, device
performance and reliability are discussed. Highly flexible, stretchable and efficient OLED devices
are achieved based on these alternative TCEs. These results are summarized for each material. The
advantages and current challenges of these TCE materials are also identified.

Reprinted from Electronics. Cite as: Song, T.-B.; Li, N. Emerging Transparent Conducting
Electrodes for Organic Light Emitting Diodes. Electronics 2014, 3, 190-204.

1. Introduction

Organic light emitting diode (OLED) has emerged as a potential candidate for next generation
flexible, large-area, high resolution display and solid state lighting panels, because of its high color
quality, attractive appearance, ease of fabrication, low manufacturing and materials cost, etc [1].
With great efforts from both academia and industry, the OLED has been developed based on small
molecule and polymer materials and also fabricated with both vacuum deposition and solution
processes [2—5]. In the past few decades, researchers have been focusing on improving the device
efficiency and lowering the manufacturing cost. Today, OLED displays are becoming dominant
in the high-end market. OLED lighting is also on the verge of becoming widely commercially
available, and its performance is competitive with that of its inorganic counterparts.

The basic OLED structure is composed of a stack of several layers: anode/hole transport layer
(HTL)/emission layer (EL)/electron transport layer (ETL)/cathode, as shown in Figure la. [6] The
first OLED was developed by Tang and VanSlyke in 1987 with the structure of an indium tin oxide
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(ITO)/aromatic diamine/8-hydroxyquinoline aluminum (Alq3)/Mg-Al metal electrode [7]. Since
then, ITO glass has been commonly used as the anode for OLEDs, because ITO simultaneously
provides good transparency and conductivity [8]. Moreover, the work function of ITO is around
4.7 eV, which forms a low barrier for hole injection into the emission layer made of commonly
used organic materials (Figure 1b) [9]. Despite these advantages, ITO is far from being a perfect
candidate for OLED applications for the following reasons. First, it is not ideal for highly flexible
electronics, due to its brittleness. Under mechanical bending or stretching, crack generation in the
ITO film leads to much deteriorated electrical properties [10]. Second, the sputtering deposition of
high quality ITO is a low throughput process and requires elevated temperature. Solution processed
ITO also requires high temperature annealing to achieve a good conductivity [11]. It is vital therefore
to only use substrates that are stable at high temperatures, which means an increased substrate cost
and much reduced performance on plastic substrates. Furthermore, due to the widespread application
of ITO as the transparent conducting electrode (TCE) for various optical devices and the limited
global reserve of indium, the price of ITO will rise dramatically and further raise the cost of OLEDs.
In addition, ITO does not offer ideal performance for OLEDs. It has significant light reflection and
also traps the light in the waveguide mode. Its conductivity needs to be further improved, as well, for
large area devices.

Figure 1. (a) Schematic diagram of the organic light emitting diode (OLED)
structure; (b) engery level diagram of a simple OLED device -consisting
of N,N'-Bis(3-methylphenyl)-N, N'-diphenylbenzidine (TPD), N,N’-Di(1-naphthyl)-N,
N'-diphenyl-(1,1'-biphenyl)-4,4'-diamine (NPB), 4.,4'-Bis(N-carbazolyl)-1,1'-biphenyl
(CBP), Bathocuproine (BCP), and Tris-(8-hydroxyquinoline)aluminum (Alq3); (¢) sheet
resistance and transmission chart for various types of transparent conducting electrode
(TCE) materials including carbon nanotube (CNT), silver nanowire (AgNW), conductive
polymers, and graphene.
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Considering all these factors, there has been increasing interest and an urgent need to look for
alternative TCE materials to replace the conventional ITO. These TCE materials should be highly
conductive and optically transparent; meanwhile, they should also be low cost and enable new
attractive features. Here, we review the recent progress on the promising next generation TCEs.
We focus our attention on the following materials: carbon nanotubes (CNTs), metallic nanowires,
conducting polymers and graphene. These materials have shown the potential to fulfill standard
requirements on the sheet resistance and transmission values of TCE and can be formed by low-cost
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processes, such as spin coating, spray coating and even roll-to-roll processes [12]. The sheet
resistance and transmittance of these materials is summarized in Figure 1c using the solar spectrum
as a reference for transmission evaluation. Moreover, OLED devices demonstrated with these
techniques show great potential for future highly flexible, foldable and wearable opto-electronics.
We summarize the progress of each of these TCE materials with the device performance achieved
and give comparisons between these techniques.

2. Carbon Nanotubes

The carbon nanotube (CNT) network is the first nanostructured TCE investigated for OLEDs,
leading to a boom of interest in this decade [13]. CNTs exhibit a unique electrical property in that
they can be both metallic and semiconducting [14]. Because of this, they are widely applied as
high-performance flexible transparent transistors, optical modulators, flexible emitters, as well as
TCEs [15-17]. Metallic CNTs have a suitable work function (4.7-5.2 eV) for the application as
anodes in OLEDs [18,19]. In addition, the high stability, flexibility and mobility of CNTs make
the CNT network a potential candidate to replace the rigid ITO substrate, while avoiding the
contamination of the organic layers from the oxygen atoms in ITO.

Zhang et al. first developed large area CNT sheets (meter long, 5 cm-wide) as the electrode
for OLED, and this nanotube sheet was reported to be as strong as the steel (Figure 2a) [13]. This
report demonstrated the huge potential of CNT networks’ application in optical electronics and
opened a new direction for the nanostructured TCE. Zhang ef al. tested various CNTs from different
growth methods [20]. The arc discharge nanotubes showed better performance compared to
high-pressure CO conversion (HiPCO) nanotubes in surface roughness, sheet resistance and
transparency. A sheet resistance of ~160 ohm/sq at 87% transparency can be achieved when the
CNTs network is treated with SOCl2, as shown in Figure 2b,c. Li et al. demonstrated that a
poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) layer could play an important
role in planarizing the roughness from CNT networks (Figure 2d) and decreasing the hole injection
barrier from the CNTs to a polymer blend hole transporting layer poly(9,9-dioctylfluorene-co
-N-(4-butylphenyl)diphenylamine) (TFB)+ 4,4'-bis[(p-trichlorosilylpropylphenyl)phenylamino]
biphenyl (TPD-Si2), which could reduce the leakage current [21]. With a PEDOT:PSS layer modified
with methanol, a surface roughness less than 1 nm can be achieved, due to better PEDOT:PSS wetting
onto the CNT network.

Ou et al. further modified the surface of the carbon nanotube network with PEDOT:PSS
composite (PS®) coating, which contained polyethylene glycol (PEG) additive in Baytron P500 and
used HNOs acid treatment to improve the conductivity of the CNT network and the band alignment
for hole injection [22]. Outstanding performance with a maximum luminance of ~9000 c¢d/m? and
a luminance efficiency (LE) of ~10 cd/A at 1000 cd/m? was achieved, which was comparable to
devices on ITO substrates. Yu et al. explored the capability of CNT transparent electrodes as
the cathode and anode for flexible and transparent organic light emitting diodes by a lamination
method [23]. Furthermore, stretchable OLEDs based on a CNT network as the TCE was built. The
electroluminescent efficiency of the devices can be sustained under a 45% strain, which cannot be
achieved for traditional ITO substrates [24]. The device stability with the CNT electrode exhibited
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comparable lifetime with that of the ITO electrode, and the acid resistivity of the CNT electrode to
PEDOT:PSS is better than that of ITO electrode for long-term operation.

Figure 2. (a) Photograph of an OLED that uses an multi-wall nanotube (MWNT) sheet as
the anode and poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS)
/Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV)/Ca/Al [13];
(b) patterned multilayer single wall CNT/PEDOT:PSS/NPB/Alqs/LiF/Al [20];
(¢) device performance: photoluminescence spectrum, current density vs. voltage bias
curve, brightness vs. voltage bias and quantum efficiency as a function of current density
[20]; (d) surface roughness of PEDOT:PSS ~4 nm and methanol-modified PEDOT:PSS
~0.96 nm on a CNT network [21]; (e) the luminescence vs. the voltage of an OLED
with PEDOT:PSS composite (PS®)-modified CNT on Polyethylene terephthalate (PET)
substrate [22].
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3. Metallic Nanowires

Recent studies on the metallic nanowire’s application in optical electronics have attracted a lot of
attention. Similar to CNTs, high conductivity from the metal material and high transmittance from
the open space between nanowires make the metallic nanowire a potential candidate as the TCE.
Compared with CNTs, the metallic nanowire network shows better sheet resistance and transmission
values, because the wire to wire contact resistance can be reduced by thermal treatment [25]. The low
contact resistance between nanowires can significantly reduce the power loss on the electrodes.
However, the metallic nanowire network requires PEDOT:PSS or other hole transport materials to
ensure efficient hole injection as an anode, which slightly restricts the fabrication process. Lee et al.
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demonstrated the potential of a silver nanowire network TCE on a glass substrate with a sheet
resistance of 16 ohm/sq and an average transmittance of 86% between the wavelengths of 400 and
800 nm, which is comparable to commercial ITO substrates (Figure 3a) [26]. Yu et al. first
demonstrated a composite electrode in which the silver nanowires were embedded in cross-linkable
polyacrylate substrate, which could successfully replace the traditional rigid glass substrate [27].
This result opened up the possibility of realizing the high flexibility and high performance OLEDs by

incorporating a solution processed metallic nanowire network.

Figure 3. (a) Solar photon flux-weighted transmissivity vs. sheet resistance for Ag
gratings (blue line), ITO (red dotted line), CNT meshes (A) and Ag nanowire meshes (m)
deposited on a glass substrate. The Ag line width is a 40 nm and a 400 nm grating
period [26]. (b) Normalized radiant intensity, color coordinates vs. viewing angle and
photographic image of four operating nanowire (NW)-OLEDs [28]. (¢) Photographs of a
polymer light-emitting electrochemical cell (PLEC) (original emission area, 5.0 x 4.5 mm?)
biased at 14 V at specified strains [29]. (d) Colors from blue to red can be selected by
different period nanowire arrays [32].
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Gaynor et al. investigated the angular dependence of white OLEDs using silver nanowires
embedded in poly(methyl methacrylate) (PMMA) as the electrode [28]. The scattering of the silver
nanowire network kept a stabilized viewing angle characteristic with reduced color shift and better
Lambertian emission for the OLED. By further incorporation of light outcoupling techniques,
a power efficiency of 54 Lm/W was achieved, as shown in Figure 3b. Liang et al. reported an
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elastomeric polymer (polyurethane acrylate (PUA)) -based silver nanowire substrate with yellow
light-emitting polymers consisting of ethoxylated trimethylolpropane triacrylate (ETPTA), polyethylene
oxide (PEO) and lithium trifluoromethanesulphonate (LiTf), and the efficiency was kept at 2.5 cd/A
under 120% strain (Figure 3c) [29]. The concern for metallic nanowire electrode is the instability,
due to Rayleigh instability and contact ripening, resulting in the loss of the conductive path during
operation. These might be the challenges for having long lifetime OLED devices [30,31].

The improvement of the silver nanowire TCE provided a platform for OLEDs to reach wider
applications on display and lighting. Furthermore, the dimension of the metallic nanowire could
affect the light scattering, light coupling and sheet resistance to transmission values of the TCE,
providing us with an additional degree of freedom in improving the device performance. Aligned
metal nanowire fabricated by a vacuum process was reported to have improved light outcoupling of
the OLEDs (Figure 3d) [32]. The optical effect of the metallic nanowire on OLED and the alignment
control of the nanowire through fabrication are still under investigation.

4. Conductive Polymers

Among various types of conductive polymers, PEDOT:PSS and polyaniline (PANI) are currently
the most popular materials to replace the conventional ITO electrode. These two materials are
well-studied, conjugated polymers with excellent mechanical stability, flexibility and, more importantly,
they can achieve a high conductivity and transparency.

It was shown that PANI has the potential as a solution-processable TCE by Cao et al. [33]. They
discovered that the camphor-sulfonic acid (CSA) doped PANI (PANI:CSA), which is soluble in
m-cresol or chloroform, is conductive (<10 S/cm) and optically transparent. Gustafsson et al.
successfully fabricated the PANI:CSA film on Polyethylene terephthalate (PET) substrate as the
anode and demonstrated the first flexible polymer light emitting diode (PLED) device [5]. However,
PANI:CSA film needs to be thicker than 250 nm to achieve 160 ohm/sq, while the transparency is
about 70% under such a thickness (Figure 4a) [34]. Fehse et al. reported a new dispersion of PANI
(D1033), which has a conductivity of 200 S/cm and a lower absorbance at 750 nm in the visible region
than that of PANI:CSA (Figure 4b) [35]. Even though the improvement of the PANI properties
resulted in better device performance, it is still lower than that of the commercial ITO substrate.
PEDOT:PSS was invented in 1991 by Bayer [36] as an antistatic coating material. Cao et al. first
introduced PEDOT:PSS into the PLED as a TCE with 500 ohm/sq and 75% transmission within the
visible light region [37]. After that, PEDOT:PSS became commonly used as the hole injection layer
for OLEDs, as well. In order to improve the properties of the PEDOT:PSS, many treatments have
been applied to improve the conductivity without losing the transparency. Kim et al. investigated
different organic solvents, including dimethyl sulfoxide (DMSO), N,N-dimethyl formamide
(DMF) and tetrahydrofuran (THF), and the addition of the high boiling polar solvent DMSO
produced the highest conductivity among the three [38]. Ouyang et al. reported using ethylene
glycol (EG) as a polar additive and acquired PEDOT:PSS thin films with a conductivity
up to 160 S/cm, demonstrating a comparable performance to ITO/PEDOT:PSS on
Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) PLED devices [39].
Fehse et al. used a commercially available high conductivity PEDOT:PSS Baytron PH500
(conductivity ~500 S/cm) as the TCE in small molecular OLED devices and achieved comparable
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or even superior performance (on green and blue emitting devices) than ITO anode devices [40].
Various treatments, like using zwitterionic surfactants, co-solvent system or exposing the films to
dichloroacetic acid, were reported to achieve better conductivity in recent years [41-43]. Kim et al.
demonstrated that with the addition of EG and a solvent post-treatment method, they could
remarkably increase the conductivity up to 1418 S/cm, around 65 ohm/sq at 80% transmission [44].
Vosgueritchian et al. reported using a combination of DMSO and the fluorosurfactant Zonyl-FS300
(Zonyl) to achieve 46 ohm/sq at 82% transmission [45]. Recently, Xia ef al. reported a H2SO4 treatment
to reach 2400 S/cm and 3065 S/cm from multiple treatments [46]. These values are close to that of
commercially available ITO substrates.

Figure 4. (a) Transmittance and sheet resistance of different polyaniline (PANI)
thicknesses [34]; (b) the wavelength dependence of the refractive index and the
extinction coefficient of ITO (squares) and PANI (triangles) films [35]; (¢) the device
structure of ITO-free transparent OLEDs based on a PEDOT:PSS TCE; (d) the comparison
of external quantum efficiencies (EQEs) and corresponding photon fluxes for bottom
and top emission and the sum of both (experiment (symbols) and optical simulation
(lines) results); (e) aging characteristics of PEDOT:PSS-based OLEDs with a different
PEDOT:PSS thickness. The encapsulated devices are aged over around 900 h with an
initial luminance of around 1500 cd/m?. Constant currents are applied for each sample
according to the corresponding luminance [47]. HTL, hole transport layer.
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Reproduced with permission from Yang et al., Apply Physics Letter, published by the American Institute
of Physics, 1994 [34]; Fehse et al., Journal of Apply Physics, published by the American Institute of
Physics, 2007 [35]; and Kim ef al. Advanced Materials, published by John Wiley & Sons, Inc., 2013 [47].

Kim et al. demonstrated long lifetime (over 900 h under 1500 cd/m?) and high performance
(over 12% external quantum efficiency (EQE) under a driving current density of 10 mA/cm?)
OLEDs on polymer TCE. The results are shown in Figure 4c—d [47], comparing with those made
from the ITO substrate. Moreover, from the optical study from Cai et a/, the PEDOT:PSS anode could
be more beneficial to the light outcoupling than ITO substrates, due to the match of the refractive
index [48]. At the current stage, however, these polymers still exhibit a lower conductivity and
transmission than CNTs and metallic nanowire networks. In order to achieve a better device performance
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compared with ITO and other new materials, the properties and stability of the conductive polymers
need to be further improved before they can be mass produced as the next generation TCE.

5. Graphene

Graphene is another promising candidate as a TCE in OLEDs. A flexible two-dimensional sheet
of sp>-hybridized carbon atoms has very high conductivity and is nearly transparent. A single layer
of graphene showed a sheet resistance of 125 ohm/sq and 97.4% transmission at the 550 nm
wavelength, which is superior to the ITO substrate and other reported TCEs (Figure 5a) [49].

Figure 5. (a) Transmittance of the roll-to-roll layer-by-layer transferred graphene films
on quartz substrates. The inset shows the transmittance spectra of graphene films with
and without HNO3 doping and the optical images for the corresponding number of
transferred layers (1 x 1 cm?) [49]; (b) Current density (filled symbols) and luminance
(open symbols) vs. applied forward bias for an OLED on graphene (squares) and ITO
(circles), with an OLED device structure of anode/PEDOT:PSS/NPD/Alq3/LiF/Al;
(¢) External quantum efficiency (EQE) (filled symbols) and luminous power efficiency
(open symbols) for an OLED on graphene film (squares) and ITO glass (circles) [12];
(d) Power efficiencies of OLED devices using various graphene layers (doped with
HNO3 or AuCls) and ITO as the anode; (e) Photograph of a flexible fluorescent green
OLED with a four-layered graphene anode (4L-G) doped with HNO3 (4L-G-HNO3) [51];
(f) Power efficiency and current efficiency of white OLED (WOLED) based on ITO and
single layer graphene electrode [52].
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Wu et al. demonstrated solution processed graphene oxide thin films fabricated using Hummers’
method and the ability to further reduce them to graphene thin films [12,50]. The graphene films
were used as the TCE for OLEDs with a film thickness of about 7 nm, a sheet resistance of about
800 ohm/sq and 82% transmission at 550 nm, which is lower than the theoretical value, due to the
existence of multiple grain boundaries, lattice defects and oxidative traps formed during the
fabrication process. The device performance with a solution processed graphene electrode showed a
turn-on voltage of 4.5 V and a luminance of 300 cd/m? at 11.7 V, which is comparable to those of
ITO substrates, which had a turn-on voltage of 3.8 V and a luminance of 300 cd/m? at 9.9 V bias
(Figure 5b,c). Han et al. recently reported an extremely efficient flexible OLED by introducing
a work function tunable layer [51]. The mismatch of the electrical band alignment between
graphene (work function ~4.4 eV) and the hole transport layer, like N,N'-Di(1-naphthyl)-N,
N'-diphenyl-(1,1'-biphenyl)-4,4'-diamine (NPB) (work function ~5.4 eV), needs to be reduced
for efficient hole injection. The authors incorporated a self-organized gradient hole injection layer
(GraHIL), which was composed of PEDOT:PSS and tetrafluoroethylene-perfluoro-3,
6-dioxa-4-methyl-7-octenesulphonic acid copolymer, one of the perfluorinated ionomers (PFIs). The
GraHIL provided a work function gradient throughout the hole injection layer and, in turn, improved
the charge injection efficiency. Based on a graphene/GraHIL/NPB/Alqs/LiF/Al structure, the luminance
efficiencies with doped graphene TCE as the anode (37.2 Lm/W in fluorescent OLEDs, 102.7 Lm/W
in phosphorescent OLEDs) is higher than the devices using conventional ITO as the TCE (24.1 Lm/W in
fluorescent OLEDs, 85.6 Lm/W in phosphorescent OLEDs, shown in the Figure 5d,e). Li et al.
showed that white OLEDs (WOLEDs) on graphene electrode can indeed exhibit performance
satisfying general lighting requirements [52]. WOLEDs on graphene with a power efficiency of
80 Lm/W at a high brightness of 3000 cd/m? are demonstrated (Figure 5f). It is also found that
graphene electrodes have the advantage of light extraction over ITO. White ITO has significant light
reflection at both the top and bottom interface and also has significant light trapping. In the waveguide
mode, Graphene, on the other hand, is so thin that it is optically negligible. There is almost no light
reflection and trapping in the graphene layer. Ultimately, more light can be coupled out of the graphene
OLED than the ITO OLED [52].

The above high-performance OLEDs on grapheme were all demonstrated using polymer
interface layers. In contrast, OLEDs on graphene only electrodes without a polymer interface layers
were also reported. In the early work, Sun et al. applied multilayered graphene from chemical vapor
deposition as the anode for an OLED device and showed working devices without using the polymer
interface layer, but with much less performance compared with the ITO reference device. The high
leakage current and low efficiency were attributed to the surface roughness and work function
mismatch [53]. Hwang et al. found that using weak plasma treatment to multilayered graphene can
improve the hole injection efficiency and demonstrated high OLED device performance on graphene
without polymer interface layers [54]. These works clearly indicate graphene’s capability of charge
conduction and injection. After optimization, graphene can serve as an excellent electrode by itself or
together with a polymer layer.

Besides the high device performance, the stability of graphene is also excellent. Due to the inert
material properties, it is not reactive with most chemicals. In addition, it does not have the problem of
device degradation caused by electrode material diffusion into OLEDs, which can happen for Ag
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and ITO electrodes. The upcoming challenge for the grapheme electrode is to further improve the
electrical and optical properties and to make the fabrication process faster, easier and more
cost effective.

6. Conclusions

Four different types of TCE materials are discussed in this review in terms of their electrical and
optical performance as a TCE and the resultant OLED device performance. A comparison of their
current status is summarized in Table 1. The performance of CNT TCEs is mainly limited by the
contact resistance between adjacent wires, while it provides excellent mechanical properties and
stability. The purity and type of CNT will also significantly affect the device performance, due to
the difference in conductivity and surface roughness. Metallic nanowire TCEs exhibit better sheet
resistance and transmission compared to their CNT counterparts, which resulted in highly efficient
and stretchable OLED devices. Optical enhancement by the metallic nanowires is another major
advantage for their future application and needs further investigation. Better control of the dimension
and alignment of the metallic nanowires also needs to be further investigated. Conducting polymers
have a longer developing history comparing with the other mentioned techniques. Their properties
are becoming more and more competitive with traditional ITO glass showing similar conductivity
values. They can also be tuned to provide optimal refractive index matching for efficient light
outcoupling in OLEDs. The search for methods to precisely control the morphologies of the conducting
polymers and to further improve the electrical and optical properties is ongoing. Graphene is the
latest material to be applied as the TCE for OLEDs. The high transparency and the absence of light
trapping from the ultrathin graphene sheet, the high in-plane conductivity and its ability to be
solution processed make it a promising candidate as the next generation TCE. Its potential as the
TCE in OLEDs has been proven.Outstanding OLED performance comparable to those on ITO glass
has been achieved. Surface modification, the reduction of grain boundaries and defects for
roll-to-roll processed graphene are some of the key routes towards further improvement.

Although most of these new TCE:s still have many challenges in order to replace ITO completely,
their performance is improving very rapidly. Even in the current stage, very low sheet resistance can
be obtained by combining the new TCEs with a metal grid for large area applications [55]. Light
extraction is an aspect that new TCEs can improve over ITO. The light reflection and trapping in
most new TCEs are reduced comparing with ITO, due to the porous nature and scattering effect
of CNTs and metal nanowires, the tunable index of the polymer, and the ultra-thin thickness of
graphene, respectively. Because of this, light-extraction methods can be much simplified, and more
light can be coupled out ultimately. In addition, new TCEs do enable many new attractive features,
such as high mechanical flexibility and stretchability. High efficiency or reasonably good efficiency
devices are demonstrated for most of these TCEs, indicating that the process integration of new
TCE:s into high performance OLED devices will not be a fundamental hurdle for adopting these new
materials. Low cost, high throughput and reliable process development is the key to commercially
viability. Once a successful process is established, the impact of a new TCE is not only limited to the
field of OLED devices, but can be readily applied to various other opto electronic devices. A myriad
of applications can result from the development of one alternative material. These materials and
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related techniques are very likely to have a significant impact on optoelectronic research and the
industry in the next few decades.

Table 1. Comparison of the TCE materials.

TCE materials for Metal Conductive
ITO CNTs Graphene
OLEDs Nanowires Polymers
Conductivity/Transp 10 Q/sq at 180 Q/sq at 9.7Q/sqat89% 42 Q/sq at 82% 125 Q/sq at 97%
arency (at 550 nm) 90% 85% 30 Q/sqat93% 240 Q/sq at 97% 30 Q/sq at 90%
Light Reflection High Low Low Low No reflection
Light Trapping High Low Low Low No Trapping
Material Cost High Low Medium Low Low
Process Cost High Potentially Low  Potentially Low Low Potentially Low
Stability Good Excellent Medium Medium Excellent
Flexibility Poor Flexible Flexible Highly flexible Highly flexible
L 103 Im/W (green)
Key OLED 10 cd/A at 54 Lm/W similar 12% EQE
>100 Lm/W 80 Lm/W at
Performance . 1000 cd/m to ITO control 900 hours
(white) ) . 3000 cd/m?
Demonstrated (green) device (white) (green) .
(white)
Solution Solution process . . .
. Solution process Highly flexible
Advantages over process Flexible . .
. Flexible Ultra-thin
ITO Flexible Stretchable . . . )
) ) Light extraction Light extraction
Stretchable ~ Angle uniformity
Conductivity . o o
Challenges to Stability Conductivity Conductivity
Roughness .
Replace ITO Cost Stability Cost
Cost
Reference [56] [23,24,57,58] [29,30,59,60] [45-48] [12,49,61]
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Chapter 10

Improvement in the Lifetime of Planar Organic Photovoltaic
Cells through the Introduction of MoQO; into Their Cathode
Buffer Layers

Linda Cattin, Mustapha Morsli and Jean Christian Bernede

Abstract: Recently, MoOs, which is typically used as an anode buffer layer in organic photovoltaic
cells (OPVCs), has also been used as a cathode buffer layer (CBL). Here, we check its efficiency
as a CBL using a planar heterojunction based on the CuPc/Ceo couple. The CBL is a bi-layer
tris-(8-hydroxyquinoline) aluminum (Alqg3)/MoQOs. We show that the OPVC with MoOs in its CBL
almost immediately exhibits lower efficiency than those using Alqs alone. Nevertheless, the OPVCs
increase their efficiency during the first five to six days of air exposure. We explain this evolution of
the efficiency of the OPVCs over time through the variation in the MoO3 work function due to air
contamination. By comparison to a classical OPVC using a CBL containing only Algs, if it is found
that the initial efficiency of the latter is higher, this result is no longer the same after one week of
exposure to ambient air. Indeed, this result is due to the fact that the lifetime of the cells is
significantly increased by the presence of MoOs in the CBL.

Reprinted from Electronics. Cite as: Cattin, L.; Morsli, M.; Bernede, J.C. Improvement in the
Lifetime of Planar Organic Photovoltaic Cells through the Introduction of MoOs into Their
Cathode Buffer Layers. Electronics 2014, 3, 122-131.

1. Introduction

Recent studies show that if current progress is continued, organic photovoltaic cells (OPVCs) will
have a unique advantage for large scale power generation [1]. The method often used to increase the
efficiency of OPVCs consists of the introduction of buffer layers between the electrodes and the
organic films [2,3]. These buffer layers must improve the collection efficiency of one type of carrier
and must be selective by opposing the passage of carriers of the opposite sign. Moreover, these buffer
layers improve the band matching between the electrodes and the organic materials. In classical
OPVCs, the anode buffer layer (ABL) can also smooth the surface of the ITO electrode, while the
cathode buffer layer (CBL), often called the exciton blocking layer, protects the electron acceptor
from metal diffusion during thermal evaporation of the cathode. However, the lifetime of OPVCs is
far from satisfactory. The lifetime is mainly dependent on the environment. Important environmental
parameters that influence the lifetime of organic solar cells are the diffusion of oxygen and water into
the active layers of the cells through the upper electrode [4—6]. A possible solution to the problem of
contaminant diffusion into the active organic layers could be the use of barrier layers with low
oxygen and water permeability. The use of buffer layers could contribute to this solution. MoO3 is a
very efficient ABL [7,8]. However, there is some controversy about its band structure. It is now well
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accepted that its band gap is approximately 3.1 eV and that it is an n-type material, yet the values
of its ionization potential (IP), its electronic affinity (y), and its Fermi level (Wf) are still under
discussion. These values measured in situ by ultraviolet photoelectron spectroscopy (UPS) after
deposition in ultra-high vacuum are IP=9.7 eV, y = 6.7 eV and Wf= 6.9 eV. After air contamination,
these values decrease significantly. It is well known that after five minutes or more of air exposure,
these values decrease by approximately 1 eV [7,9]. However, as shown in recent studies, these values
remain high enough to allow MoOs3 to stay an efficient ABL if the highest occupied molecular orbital
(HOMO) of the organic material is less than 5.9—-6 eV, which is often the case in the typical electron
donor materials [7]. It has also been shown that oxygen deficiency promotes hole transfer through the
creation of band gap states.

Due to the high values of the IP energy of MoOs, any hole transport via the valence band
is prohibited, while the energy alignment between the band conduction minimum, BC, of MoOs3
and the HOMO of the organic material is favorable for electron transfer between the two materials.
That means that hole injection into the organic film proceeds via an electron transfer from the
HOMO of the organic material to the band conduction of MoOs in the case of organic light
emitting diodes, whereas in the case of OPVCs, the photogenerated hole recombines with an
electron at the interface between MoO3 and the organic layer, indicating that MoO3 works as a
charge recombination layer. From this discussion, MoO3 cannot be an electron blocker because its
conduction edge, CB, is too low. Therefore, the proposition of using MoOx as a CBL is not an
incongruous idea, especially because MoOy tends to be metallic. Moreover, Vasilopoulou ef al. [10]
showed that the electron injection in an OLED based on poly[(9,9-di-n-octylfluorenyl-2,
7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT) can be significantly improved by inserting a
very thin layer (5 nm) of partially reduced molybdenum oxide (Mo00O:2.7) between the aluminum
cathode and the organic emitting layer. Actually, after measuring the valence band maximum energy
of MoOx by UPS to be equal to 7.1 eV and the band gap of MoOs to be 3 eV, they conclude that the
conduction band minimum is at approximately 4.1 eV, which is in good agreement with the work
function of Al (4.3 eV). This energy alignment results in a relatively low electron injection barrier
height. In addition, the states present in the band gap of MoO: may increase both the electron
injection from Al and the conductivity of the oxide layer. More recently, Jin ef al. [11] showed that
the efficiency of OPVCs can be improved through the use of bathophenanthroline/molybdenum
oxide (Bphen/MoOs) as a compound cathode buffer layer. OPV cells based on planar CuPc/Ceo
diodes were used in this work. It was shown that optimum performances are achieved when the
thickness of layers constituting the Bphen/MoOx CBL is 2 nm/5 nm, respectively. They attributed this
improving effect to the fact that the presence of Bphen prevents the formation of a diode at the contact
MoOs3/Ceo, while MoO3 prevents damage to Bphen during Al deposition. To justify good band matching
among Al (Wf=4.3 eV), MoOs3 (Wf=5.3-6.2 eV depending on the experimental conditions) and Ceo
(lowest unoccupied molecular orbital (LUMO) 3.7 eV), Jin et al. proposed a dipole value of 3 eV at
the interface of MoOx/Bphen, using a value issued from the bibliography.

As a matter of fact, the work function of MoOs3 is not the only important parameter at such
complex interfaces; the Alqs/MoOs interface is also crucial. In the case of conventional CBL, Algs
protects Ceo from damage incurred during aluminum deposition onto the organic material. Earlier
studies show that there is actually some cathode metal diffusion into the organic under layer [12].
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However, if the CBL should be thick enough to protect the electron accepting layer, it should also not
block all charge carriers. The HOMO and LUMO values of Algs are 5.9 and 3 eV, respectively.
Because the LUMO value of the fullerene is 4.4 eV, the offset energy between the LUMO of the
fullerene and that of the Alqs is large, and the electrons must overcome a large energy barrier to reach
the Al cathode in the case of electron transport via LUMO levels. To circumvent this difficulty, it has
been proposed [13] that the charge transport in the CBL is due to damage induced during deposition
of the cathode, which introduces conducting levels below its LUMO and explains why the transport
of electrons is not impeded. Therefore, in the case of a double CBL, the relative thickness of both
layers will either allow or disallow the presence of these gap states in Alqgs. Furthermore, the position
of these energy levels relative to the Fermi level of MoOs will be decisive as regards the passage
of electrons.

Thus, because we used nearly similar structures in our laboratory, i.e., planar heterojunctions
based on the CuPc/Ceo junction [14], in the present paper, we probed OPVCs using
tris-(8-hydroxyquinoline) aluminum (Alq3) as the EBL, leading to an Alq3/MoO3 compound CBL.
Even if our results are not identical to those mentioned above, they converge on those of Jin et al. [11],
based on the time of exposure in air. These results are discussed in terms of the variation in the MoOs3
work function due to air contamination. Moreover, we show that the lifetime of the OPVCs with
MoOs3 in their CBL is significantly improved.

2. Experimental

The OPVCs used were ITO/MoO3/CuPc/Ceso/Alq3/MoOs/Al/a-Se with different thicknesses
constituting the Alqs/MoOs couple. The different films were deposited in thin film form by
sublimation under vacuum (10~* Pa), without breaking the vacuum.

The standard substrate dimensions were 25 mm by 25 mm. Because ITO covered the entire glass
substrate, some ITO must be removed to obtain the under electrode. After masking a broad band of
25 mm by 20 mm, the ITO was etched using Zn + HCI as the etchant [14]. Before thin film
deposition, the ITO coated glass substrate was scrubbed with soap, rinsed with distilled water, dried
and then placed in the vacuum chamber.

To test the effect of MoO3 on the performance of the OPVCs when introduced into the CBL,
we used the classical planar heterojunction structure CuPc/Ceo; the ABL was, as discussed above,
a thin MoOs film, and the cathode was an aluminum film. The CBL was a double layer of aluminum
tris(8-hydroxyquinoline) (Algs) [14] and MoOs.

Without a protecting layer, the instability of solar cells in ambient air causes rapid deterioration in
all performance, and non-encapsulated devices are practically dead after approximately 8 h in air. To
mitigate this instability, prior to breaking the vacuum, an encapsulating layer of amorphous selenium
(a-Se) approximately 40 nm in thickness was thermally evaporated. The selenium protective coating
layer has been proven to be efficient in protecting the under layers from oxygen and water vapor
contamination, at least during the early hours of ambient air exposure [14]. This encapsulation hinders,
but does not eliminate, the oxygen and water vapor diffusion processes. Therefore, the protective
layer, which increases the lifetime of solar cells and prolongs the duration of the process, thus
improves the precision of this study on the effect of an EBL on this process.
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The thickness of the thin films and deposition rates were estimated in situ using a quartz monitor.
We used a 3 nm thick MoO3 layer as the ABL because, as discussed above, MoOs3 is well known as a
very efficient ABL in optoelectronic organic devices. According to a previous study [14], the
thickness of the CuPc layer was 35 nm, and that of the Ceo layer was 40 nm.

The relative thickness of the constituents of the Alq3/MoO3 CBL was used as a parameter. The
cathode was an aluminum film 100 nm thick, deposited by evaporation. The effective area of each
cell was 0.16 cm?.

The main focus of this work was to study the influence of the value of the MoOs work function,
when used as the CBL, on the OPV cell performance, i.e., on the band matching at the interface
cathode/EA. We varied the thickness of the Alq3/MoO3 couple from 9 nm/0 nm to 2 nm/7 nm, with
intermediary values of 6 nm/3 nm and 3 nm/6 nm. The lifetime of the OPVCs was studied through
the protocol proposed in ref [15]. Following this protocol, the procedure used to study the aging
process of our OPV cells corresponds to the intermediate level labeled “Level 2” The operational
lifetimes have been measured under AM1.5, in air and at room temperature. The experimental
conditions during the experiment were quite stable, i.e., the temperature was maintained at
T'=20=2 °C and the humidity at 60% + 5%. Between each measurement, samples were stored in air
and in the light of day, without artificial light. Cells were maintained in open circuit conditions.
It should be noted that at least nine diodes are used in a cycle of deposit and that three cycles of
deposits were used for the aging study.

The work functions of different CBLs have been measured using a Kelvin probe instrument
(KPTechnology Model SKP5050). The vibrating probe consists of a stainless steel tip 10 mm in
diameter having a work function of 4.947 eV. For the measurements, the tip is calibrated against
a gold surface. This calibration value varied by approximately 20—-30 meV before and after each
measurement, thus keeping the measurement error at 30 meV. The non-scanning mode is used to
measure the work function with approximately 500 repetitions for a single point. The work function
of the sample is obtained by adding the measured work function (WF) to the correction factor
(4.947 eV). The Kelvin method measures the contact potential difference (CPD) between the tip and
the surface of the sample that are brought into contact as a result of Fermi energy equalization. The
vibrating capacitor consists of the surface of the sample being tested, the reference surface of the
electrode and the insulating medium between them. The CPD is evaluated by inducing an AC current
flow and by the vibration of one of the surfaces with respect to the other in the vibrating capacitor.
The contact potential difference is then measured by determining the compensating voltage required
to null this current. The resolution of the measurements is 3 meV.

3. Results and Discussion

The measurements made just after the realization of cells show that the presence of MoOs
in the CBL systematically induces degradation of the OPV cell performance, which worsens with
increasing thickness of the MoOs layer (Figure 1). However, when MoOs3 is present in the CBL,
there is a continuous, systematic improvement in the OPVC efficiency during the first 5-6 days of
room air exposure, whereas its efficiency decreases continuously when the CBL contains only Alqs
(Figures 2-4).
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Figure 1. J-V characteristics of ITO (100 nm)/MoOs (3 nm)/CuPc (35 nm)/Ceo
(40 nm)/Algs (x nm)/MoOs3 (y nm)/Al organic photovoltaic cells (OPVCs) with different
thicknesses for the constituents of the Alqs/MoOs3 couple.
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Figure 2. Evolution of the J-V characteristics over the duration of room air exposure of
an OPVC with Algs (3 nm)/MoOs3 (6 nm) as the cathode buffer layer (CBL).
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Figure 3. Variation with time of the typical performance of an OPVC with Alqgs
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In fact, just after realization, when MoO3 is 3 nm thick (Figure 1), the J-V characteristics are
S-shaped. This effect increases dramatically with MoOs thickness (Figure 1) because when the MoO3
thickness is 6 nm, the sign of the photocurrent is inverted, and this effect is accentuated for 7 nm
thick MoO:s.

Nevertheless, after air exposure, there is progressive improvement of the OPVC performance
during the first few days, regardless of the thickness of the MoOs layer in the CBL.

This improvement is spectacular in the case of the CBL with a MoOs film thickness of 6 nm
because there is an inversion in the direction of the rectifying effect (Figures 2 and 3).

Figure 4. Variation with time of the efficiency of OPVCs with different CBLs:
(m) CBL = Algs (9 nm); (o) CBL = Algs (6 nm)/MoOs3 (3 nm); (A) CBL = Algs
(3 nm)/MoQOs (6 nm).
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Therefore, ultimately, if we compare the performances of the different OPVCs after approximately
6 days of air exposure, the OPVCs with MoOs3 in their CBL exhibit similar efficiencies as those
without MoO3, as can be seen in Figure 4. Moreover, the efficiency of the OPVCs with MoO3 in their
CBL becomes higher than that obtained with the classical Alqs CBL after 11-12 days of air exposure.

In Figure 3, we show the typical evolution of the different OPVC parameters as a function of
air exposure time for the OPVCs using “Alqs (3 nm)/MoOs (6 nm)” as the CBL. The sign of
the photocurrent has a striking effect. Immediately after device preparation, there is a positive
photocurrent in the second quadrant, but its value is very small (Figures 1 and 2). After aging, the
sign of the photocurrent becomes negative, as expected (Figure 2). The absolute values of Jsc and the
OPVC efficiency n increase gradually over the first 5-6 days of air exposure. Then, there is a
progressive decrease in Jsc and 1. After 15 days, n reduces to approximately half its maximum value,
which is attributed to degradation of the device from Ceo contamination [16]. The device then
stabilizes for a long time (¢ > 4 months) at a value that is slightly less than half of the initial yield.

Regardless of the MoOs thickness in the CBL and the duration of aging, the J-V characteristics
are S-shaped, except when they reach their maximum performance level. It is known that S-shaped
J-V characteristics are typical for the formation of a reverse diode at the contact electrode/organic
material [17,18]. This effect means that in the present structures, band bending occurs not only at the
CuPc/Ceo interface but also at the Ceo/cathode interface (Figure 5).
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Figure 5. Schematic representation of an OPVC with localization of the active regions.
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These S-shaped J-V characteristics indicate the formation of a barrier at the Ceo/cathode interface.
In the case of the J-V characteristics of Figure 1, the band bending near the Ceo/cathode interface
must be larger than that at the CuPc/Ceo interface, resulting in an opposite sign of the short circuit
current. The formation of a barrier at the Ceo/cathode interface is due to the presence of MoOs3 in the
CBL because there are no S-shaped characteristics when the CBL is only a film of Alqgs (Figure 1).
The formation of this barrier can be explained by the very high work function of MoO3. Actually, it is
now well accepted that after deposition under vacuum by sublimation, the work function of MoOs is
approximately 6.2 eV [7]. With this high W{ value, the band structure of the interface is such that at
the Ce0/Alq3/MoO3/Al interface, the passage of holes is easier than that of electrons (Figure 6a). This
result explains the reversal of the structure when the thickness of the MoOs3 layer (6 nm) is such that
the probability of charge carriers crossing by the tunnel effect is very low. However, it was also
shown that air exposure of MoO3 induces a Wf decrease of approximately 1 eV [9].

Figure 6. Band scheme of the Ce0/Alq3/MoO3/Al interface (a) just after deposition and
(b) after five days of air exposure.

a 3V b eV
45V 43 eV 45eV . 43 eV
____________ 492y
------ Al _————— —=— === Al
61ey 292V _6¢V 61eV 275V 51y
Cay  Alus 55 57 Cap  Algs
7.9V
ey Tl
o

In our case, using a Kelvin probe, we found that the work function of our MoOs thin films is
5.1-5.2 eV after air exposure, regardless of the CBL, whereas it is 5.6 and 5.9 eV for a fresh CBL
containing Algs (6 nm)/MoO3 (3 nm) and Algs (3 nm)/MoO3 (6 nm), respectively. This result means
that the band alignment at the interface Allqs/MoOs depends on the relative thickness of these layers.
Nevertheless, just after deposition, regardless of the value of the MoO3 work function, the work
function remains sufficiently high to induce the formation of a barrier at the Cso/cathode interface.

If, in the present study, the OPVCs were covered with a Se film, it would not prevent progressive
air contamination. Furthermore, we have already shown that even if the amorphous selenium film
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used as an encapsulation layer stabilizes the OPVCs, it only delays oxygen/water contamination of
the cells. Therefore, the evolution of the J-V characteristics of the OPVCs for the duration of air
exposure corresponds to the progressive air contamination of the OPVCs. The first layer encountered
by the diffused contaminant after crossing the Al polycrystalline film is the MoOs layer. Therefore,
due to this progressive contamination, the Wf of MoO3 will decrease gradually until it reaches its
minimal value of 5.1 eV. In parallel, the height of the barrier present at the Ceo/cathode interface
decreases, which justifies the progressive improvement in the efficiency of the OPVCs over the first
6 days of air exposure (Figure 6b).

For a longer exposure time, the contamination reaches the Ceo layer, and the performance of
the OPVCs decreases. In fact, the oxygen/water contamination of Ceo increases its resistivity [16].
However, this contamination is significantly limited by the presence of MoOs3 in the ABL because
the efficiency of the OPVCs with a classical CBL tends regularly towards 0, whereas that of OPVCs
with MoOs in their CBL tends to stabilize at a value of nearly half their initial efficiency (Figure 4).
The greater stability of the OPVCs with an Algqs/MoOs bilayer as the CBL can be attributed to the
fact that MoOs deposited by the Joule effect under vacuum is oxygen deficient and tends to trap
oxygen, thus preventing the lower organic layer from a high degree of contamination.

The difference between our results and those of reference 6 may be attributed to the facility of the
Wt 'in varying with the history of the MoOs layer. Indeed, the films deposited by Vasilopoulou ez al. [10]
are strongly oxygen deficient, which ensures that the Wf of their MoO3 is small.

4. Conclusions

The presence and height of a barrier at the Cs0/Alqs/MoO3/Al interface strongly depends on the
Wi function of the MoOs layer. This value depends on the composition and degree of contamination
of the MoOs layer. In the case of an uncontaminated layer, the Wf is so high that the OPVCs are
inverted. When the MoOs layer is sufficiently oxygen deficient and/or oxygen/air contaminated, its
Wf decreases significantly to provide OPVCs with acceptable performance levels. Moreover, except
for the first few days, the efficiency of the OPVC with a classical EBL is lower than that with MoO3
in the CBL. This result means that, although the initial performance of the OPVCs without MoOs3 in
their CBL is greater than that of OPVCs with MoO3, the OPVCs with MoOs in their CBL become the
most promising later on, as their performance quickly exceeds that of the former and tends to remain
stable over time.
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Section V: Solar Cells
Chapter 11

Bandgap Science for Organic Solar Cells

Masahiro Hiramoto, Masayuki Kubo, Yusuke Shinmura, Norihiro Ishiyama, Toshihiko Kaji,
Kazuya Sakai, Toshinobu Ohno and Masanobu Izaki

Abstract: The concept of bandgap science of organic semiconductor films for use in photovoltaic
cells, namely, high-purification, pn-control by doping, and design of the built-in potential based on
precisely-evaluated doping parameters, is summarized. The principle characteristics of organic solar
cells, namely, the exciton, donor (D)/acceptor (A) sensitization, and p-i-n cells containing co-deposited
and D/A molecular blended i-interlayers, are explained. “Seven-nines” (7N) purification, together
with phase-separation/cystallization induced by co-evaporant 3rd molecules allowed us to fabricate
5.3% efficient cells based on 1 pm-thick fullerene:phthalocyanine (Cso:H2Pc) co-deposited films.
pn-control techniques enabled by impurity doping for both single and co-deposited films were
established. The carrier concentrations created by doping were determined by the Kelvin band
mapping technique. The relatively high ionization efficiency of 10% for doped organic semiconductors
can be explained by the formation of charge transfer (CT)-complexes between the dopants and the
organic semiconductor molecules. A series of fundamental junctions, such as Schottky junctions,
pn-homojunctions, p*, n'-organic/metal ohmic junctions, and »n'-organic/p*-organic ohmic
homojunctions, were fabricated in both single and co-deposited organic semiconductor films by
impurity doping alone. A tandem cell showing 2.4% efficiency was fabricated in which the built-in
electric field was designed by manipulating the doping.

Reprinted from Electronics. Cite as: Hiramoto, M.; Kubo, M.; Shinmura, Y.; Ishiyama, N.; Kaji, T.;
Sakai, K.; Ohno, T.; Izaki, M. Bandgap Science for Organic Solar Cells. Electronics 2014, 3,
351-380.

1. Introduction

Organic solar cells consisting of vacuum-deposited small-molecular thin films have been
intensively studied [1-3], following the two-layer cell reported by Tang [4]. In 1991, the author
proposed p-i-n organic solar cells in which the i-interlayer is a co-deposited film of p- and n-type
organic semiconductors [5,6]. This is the first organic solar cell having a molecular blend, i.e., the
so-called bulk heterojunction [7].

Recently, we have been focused on the establishment of “bandgap science for organic solar cells”.
We believe that the following features are indispensable. (a) Organic semiconductors purified to
sub-ppm level, at least seven nines (7N; 0.1 ppm), should be used; (b) A ppm-level doping technique
should be developed; (c) Every individual organic semiconductor should be capable of displaying
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both n- and p-type characteristics by impurity doping alone, i.e., complete pn-control should be
developed; (d) Unintentional and uncontrollable doping by oxygen and water from air should be
completely eliminated; (e) The doping technique should be applicable not only to single organic
semiconductor films, but also to co-deposited films consisting of two kinds of organic semiconductors.

pn-control by doping are indispensable for the solid-state physics of inorganic semiconductors.
It is so-called “bandgap engineering”. In the case of organic semiconductors, their genuine potential
has been hidden for a long time by the unintentional and unknown impurity contamination typically
by oxygen from air. However, the authors have a strong conviction that the organic semiconductors
should also be able to be treated similar to the inorganic semiconductors. Simultaneously, the authors
strongly expect that the unknown physical phenomena, particular to organic semiconductors will
be discovered during the course of research to establish the solid-state physics for organic
semiconductors. From these standpoints of view, the authors chose the term “bandgap science”.
pn-control of co-deposited films consisting of D/A organic semiconductors is one of the spin-off of
“bandgap science” and particular to organic semiconductors.

In this paper we will first summarize the fundamental principles of organic solar cells, such as
the exciton, donor (D)/acceptor (A) sensitization, p-i-n cells containing a co-deposited i-interlayer,
and nanostructure design of co-deposited layers. Next, factors influencing bandgap science for
organic solar cells, such as “seven-nines” purification, pn-control by ppm-level doping for both single
and for co-deposited organic semiconductor films, and built-in potential design based on precise
evaluation of doping parameters, are summarized.

2. Principles
2.1. Exciton

The dissociation of photogenerated electron-hole pairs (excitons) is a key factor for carrier
generation in organic semiconductors. Exciton dissociation is affected by the relative permittivity of
a solid (¢) based on the Coulomb’s law; F' = (1/4neeo)(q1g2/r2) [8]. Here, €0, q1, g2, and r are the
absolute permittivity, the elementary charges, and the distance between charges. In a solid having a
small value of ¢, the positive and negative charges experience strong attractive forces. On the
contrary, in a solid having a large value of ¢, the positive and negative charges experience relatively
weak attractive forces. Inorganic semiconductors have large values for €. For example, Si has a
large € value of 11.9 and the exciton has a large diameter of 9.0 nm and is delocalized over about
10* Si atoms (Figure 1a) [9]. This Wannier-type exciton immediately dissociates to a free electron
and a hole from thermal energy at room temperature and generates photocurrent. On the other hand,
organic semiconductors have small values for €. For example, Ceo has small € value of 4.4 and the
exciton has a very small diameter of 0.50 nm and is localized on a single Ceo molecule (Figure 1b).
These Frenkel-type excitons are hardly dissociated to free electrons and holes by thermal energy of
room temperature and can easily relax to the ground state (Figure 2a). Therefore, organic semiconductors
can generate few photocarriers. This is the reason why the organic solar cells that were fabricated
before the work of Tang [4] showed extremely low photocurrents, of the order of nano- to
micro-amperes.



Figure 1. Size of excitons for an inorganic semiconductor (Si) and an organic
semiconductor (Ce0). The former is Wannier-type and easily dissociates to free carriers.
The latter is Frenkel-type and hardly dissociates to free carriers.
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Figure 2. Carrier generation in organic semiconductors. (a) Single molecular solids;
(b) Donor (D)/acceptor (A) sensitization of carrier generation by the mixing of two
kinds of organic semiconductor molecules. Efficient free carrier generation occurs from
the charge transfer (CT) exciton.
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Today’s organic solar cells have overcome the above problem by combining two kinds of organic
semiconductors. When an electron-donating molecule (D) and an electron-accepting molecule
(A), for which the energetic relationship of the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO), are shifted in parallel with each other and are
contacted or mixed, then a charge transfer (CT) exciton is formed in which the positive and negative
charges are separated on the neighboring D and A molecules due to photoinduced electron transfer
(Figure 2b). This CT exciton can dissociate to a free electron and a hole due to thermal energy of room
temperature. By utilizing this donor-acceptor (D/A) sensitization, organic semiconductors became
capable of generating photocurrents of significant magnitude; of the order of milli-amperes.

A two-layer organic solar cell (Figure 3) [4] utilizes D/A sensitization at the heterojunction. The
width of the photoactive region (shaded red) is, however, limited to around 10 nm in the vicinity of
the heterojunction due to the extremely small exciton diffusion length of only several nm [10,11].
Thus, when the thickness of the organic layers increases, a dead region that does not generate
photocurrent and but absorbs incident solar light develops in front of the active region and, as a
result, the magnitude of the photocurrent is severely suppressed. Taking into account the observation
that a 10 nm-thick organic film can only absorb a small part of the incident solar light, then in order
to increase the efficiency of organic solar cells, the severely contradictory condition, namely,
“the whole of the incident solar light shall be absorbed by only a 10 nm-thick active layer”, should
be satisfied.

Figure 3. Schematic illustration of a two-layer cell composed of perylene pigment
(Im-PTC) acting as an acceptor molecule (A) and copper phthalocyanine (CuPc) acting
as a donor molecule (D). Photocurrent is generated only in the active region (shaded red)
close to the heterojunction and all other parts of organic films act as a dead region.
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2.2. Co-Deposited Layer

In order to overcome this contradiction, in 1991, the authors proposed p-i-n organic solar cells in
which the i-interlayer is a co-deposited film composed of p- and n-type organic semiconductors
(Figure 4a) [5,6]. The original concept is that the positive and negative charges from ionized donors
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and acceptors in n-type and p-type organic semiconductors, respectively, are compensated by each
other, and the resulting co-deposited interlayer behaves like an intrinsic semiconductor. From the
standpoint of built-in potential formation in a molecular solid, the built-in electric field is distributed
across an i-interlayer sandwiched by n- and p-layers, similar to the case of amorphous silicon
incorporating a p-i-n junction (Figure 4b). From the standpoint of photocarrier generation occurring
at the molecular-level, there are D/A molecular contacts acting as photocarrier generation sites due to
the D/A sensitization in the whole of the bulk of the i-codeposited layer.

In 1991, the terms p-type and n-type implied the nature induced by unintentional and uncontrolled
doping. The p- and n-type natures of phthalocyanine and perylene pigments (Figure 3) were induced
by unidentified acceptor and donor impurities respectively, and the electron donating molecules (D)
and the accepting molecules (A) were recognized as usually showing p- and n-type natures. It should
be noted that the recent pn-control technique mentioned in Sections 5 and 6 is based on intentional
and controlled impurity doping.

The ‘molecular blend’ structure became indispensable for organic solar cells. In 1995, a blended
junction, i.e., a “bulk heterojunction”, was proposed by Heeger’s group for the polymer solar cell [7].
Fundamentally, an i-codeposited layer has the physical meaning that, by transmitting the incident
light through a vast number of heterointerfaces, the severe contradicting conditions, i.e., “the whole
of the incident solar light shall be absorbed by only an extremely thin active layer”, can be satisfied.

Figure 4. (a) Concept of p-i-n cell. A mixed i-layer co-deposited with n- and p-type
semiconductors is sandwiched between respective p- and n-type layers. The entire bulk
of the i-layer acts as an active layer for photocarrier generation; (b) Energy structure of
the p-i-n cell.
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3. Nanostructure Design
3.1. Vertical Superlattice Structure

Even if excitonic dissociation occurs, nanostructure control of co-deposited films, i.e.,
a formation route for electrons and holes generated by excitonic dissociation, is indispensable
to extract a significant portion of the photogenerated charges to the external circuit. An ideal
nanostructure is the “vertical superlattice” structure (Figure 5b) [11]. This structure enables the
efficient dissociation of photogenerated excitons at the D/A interfaces within the exciton diffusion
length (5-10 nm) and the transport of electrons and holes to the respective electrodes.

Figure 5. (a) Co-evaporant 3rd molecule introduction. The balls, plates, and sticks
correspond to Ceo, H2Pc, and 3rd molecules, respectively; (b) Vertical superlattice
structure. Cross sectional SEM images of Ceso:H2Pc co-deposited films without (¢) and
with (d) 3rd molecule. Phase-separation and crystallization occurs by introducing
co-evaporant 3rd molecule.
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3.2. Co-Evaporant 3rd Molecules

Recently, we developed a fabrication method for a nanostructure similar to Figure 5b by using
co-evaporant 3rd molecules that act as a solvent during vacuum deposition [12]. By introducing
co-evaporant 3rd molecules onto a substrate heated to +80 °C during film growth, phase-separated
and crystallized co-deposited films that improve carrier transport can be fabricated (Figure 5a). The
3rd molecules collide with Cso and H2Pc and decrease the density of the crystalline nucleation sites
on the surface and promote the crystallization/phase-separation process. The 3rd molecules are not
left in the co-deposited films at elevated substrate temperatures. Columnar structure (Figure 5b)
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composed of benzoporphyrin and silylmethylfullerene was also fabricated by Matsuo et al. [13]
and it was developed to commercialized organic solar cells by Mitsubishi Chemical.

Figure 5c,d show cross-sectional SEM images of a Ceo:H2Pc (fullerene:metal-free phthalocyanine)
co-deposited film. Without the 3rd molecules, an amorphous smooth cross-section was observed
for the molecular-level mixture of Ceo and H2Pc (Figure 5¢). On the other hand, with the 3rd molecules,
a columnar structure of phase-separated and crystallized material (Figure 5d) similar to the ideal
vertical superlattice (Figure 5b) was formed. The improved crystallinity produced by introducing
the 3rd molecules was confirmed by UV-Vis absorption spectra and X-ray diffraction analyses.
Photocurrent enhancement was observed, particularly for relatively thick (>400 nm) co-deposited
films having greater light absorption (see Section 4). A striking enhancement in photocurrent
generation is achieved in organic solar cells without exception, based on a variety of co-deposited
films such as HoPc:Ceso, PbPc:Ceo, AICIPc:Cso, and rubrene:Ceo. As 3rd molecules, more than 10 kinds
of low vapor pressure liquids, such as polydimethylsiloxane (PDMS) and alkyldiphenylether
(ADE), can be used. Since ADE is a typical diffusion pump oil, the present effects can often be
observed for co-deposition using a chamber evacuated by a diffusion pump (see Section 4). We
believe that this method is generally applicable for growing high-quality phase-separated/crystalline
co-deposited films by vacuum deposition.

4. Seven-Nines (7N) Purification
4.1. Single-Crystal Sublimation

First, in order to establish bandgap science for organic solar cells, we focused on the high
purification of organic semiconductors. Conventional p-i-n cells (Section 2.2) [5,6] incorporating
a quasi-vertical superlattice (Sections 3.1 and 3.2) [12] were used to evaluate the effects
of high-purification.

Based on an analogy with inorganic Si, which is usually purified to eleven-nines (11N), the
purity of organic semiconductors needs to at least reach the sub-ppm level in order to draw out
their essential nature. Based on the above consideration, a more rigorous purification method was
applied to organic semiconductors. Conventionally, organic semiconductors are purified by the
“train sublimation” method under vacuum [14] and the purified samples are obtained as a powder.
Alternatively, when the sublimation is performed at 1 atm, the purified samples are obtained as
single crystals that are of extremely high purity due to gas convection [15].

Figure 6a shows a photograph of Ceo crystals purified by single-crystal sublimation [15]. Crystal
growth was performed in a quartz tube surrounded by a three-zone furnace system (Epitech Co., Ltd.,
Kyoto, Japan) under flowing N2 at 1 atm. The Ceo sample was set at 720 °C and single crystals
with sizes exceeding 2 mm x 2 mm were grown at around 500 °C. X-ray diffraction of the obtained
crystals showed precise agreement with the reported crystal structure of Ceo. The obtained Ceo
crystals were used in the next single-crystal sublimation process.
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Figure 6. (a) Photograph of 7N-Ceo single crystals; (b) Structure of organic p-i-n solar
cell. The Ceo:H2Pc co-deposited layer (thickness: X nm) having a quasi-vertical superlattice
structure (Figure 5b,d) is sandwiched between p-type H2Pc and n-type NTCDA.
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4.2. One Micrometer-Thick Co-Deposition Cells

Highly purified organic semiconductors produced by single-crystal sublimation were incorporated
in p-i-n cells (Figure 6b) (Section 2.2, Figure 4). A p-type H2Pc layer (20 nm), a co-deposited
Ce0:H2Pc i-interlayer, and an n-type layer of naphthalene tetracarboxylic anhydride (NTCDA) were
successively deposited by vacuum evaporation at 1 x 10~ Pa using a diffusion pump (VPC-260,
ULVAC) onto an indium tin oxide (ITO) glass substrate pre-treated in an air plasma. The thick
NTCDA layer (600 nm) also acts as a transparent protection layer that prevents electrical shorting
of the cells due to metal migration into the organic film during metal deposition [16,17]. The
co-deposition was performed on a substrate heated to +80 °C. The optimized Ceo:H2Pc ratio was 1.13:1.
ADE, which acted as a co-evaporant 3rd molecule (Section 3.2), was automatically introduced from
the diffusion pump. A phase-separated/crystalline nanostructure (Figure 5b,d) was confirmed to be
formed for the present Ceo:H2Pc co-deposited film.

Figure 7 shows the current-voltage (J-V) characteristics of the cells in Figure 6b with
co-deposited layer thicknesses, X, of 250, 600, 960 nm, and 1.2 um, incorporating a Ceo sample
purified three times by single-crystal sublimation. Figure 8 shows the dependence of the fill-factor
(FF) and the short-circuit photocurrent density (Jsc) on X. Surprisingly, FF hardly decreases even for
an extremely thick i-codeposited layer of 1.2 pm (black open dots). Simultaneously, Jsc increases
with X and reaches a maximum value of 19.1 mAcm 2. On the contrary, when the Ceo is purified by
conventional train sublimation under vacuum, FF monotonically decreases with co-deposited layer
thickness (Figure 3a, red open squares) [18]. At X = 960 nm, a Js value of 18.3 mAcm 2 and a
conversion efficiency of 5.3% were observed [19-21]. The internal quantum efficiency reaches
around 90% in the region from 400 to 700 nm for the X = 960 nm cell (Figure 9a).



Figure 7. Current-voltage (J-V) characteristics for p-i-n cells with i-layer thicknesses
(X) of 250 nm, 600 nm, 960 nm, and 1.2 pm. Cell parameters (X = 960 nm);
Jse: 18.3 mAcm 2, Voe: 0.40 V, FF: 0.53, Efficiency: 5.3%. The simulated light intensity

transmitted through the ITO glass substrate is 74.2 mWcm 2.
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Figure 8. (a) Dependence of fill factor (FF) on the Cso:H2Pc i-interlayer thickness
(X) for p-i-n cells incorporating Ceo purified three times by single-crystal formed
sublimation (black open dots) and for p-i-n cells incorporating Ceso purified by
conventional train sublimation under vacuum (red open squares); (b) Dependence of
short-circuit photocurrent density (Jsc) on X.
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Figure 9b shows the spectral dependence of the absorption ratio of the cells. For a thin Ceo:H2Pc

layer (X =180 nm, curve A), a large portion of the visible light, especially around 500 nm, cannot be
absorbed due to the low absorbance of Ceo. For an extremely thick Ceo:H2Pc layer (X = 960 nm,
curve C), 95% of the visible light from 300 to 800 nm is absorbed. Figure 9c shows photographs of
the cells with X = 180 nm (top) and 960 nm (bottom). For X = 180 nm, the cell color is a transparent

green, i.e., a large portion of the visible light is not absorbed and therefore cannot be utilized. For
X =960 nm, the cell color is an opaque dark brown, i.e., almost all of the visible light is absorbed.



178

The most important feature of the present cells is the incorporation of an extremely thick (1 um)
Ces0:H2Pc co-deposited layer into the cell without decreasing FF. This allows the utilization of the
entire visible region of solar light.

Figure 9. (a) Spectral dependence of the internal quantum efficiency for a cell with
X = 960 nm; (b) Spectral dependences of the light absorption ratio of cells with
X =180 nm (curve A), 600 nm (curve B), and 960 nm (curve C); (¢) Photograph of
cells with X= 180 nm (top) and 960 nm (bottom).
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To evaluate the purity of the Ceo crystals at the ppm level, secondary ion mass spectroscopy with
a Cs" ion source (SIMS, ULVAC-PHI, 6650M) was used. Figure 10 shows the negative ion mass
spectrum (a) and the depth profile (b). Most of the peaks are assigned to carbon (Ci, C2, etc. and their
isotopes). As impurities, only oxygen (O) and hydrogen (H) were detected. The intensity of 10! in the
depth profile corresponds to the detection limit for the elements. For O atoms, the detection limit
corresponds to a concentration of about 8 x 10'° atoms/cm? [22]. Taking this value into account, we
conclude that the purity of the Ceo has reached at least seven-nines (99.99999%, 7N) [23]. The main
impurity is revealed to be oxygen. Ceo molecules interacting with oxygen seem to be the main
impurities. Oxidized Ceo (Cs00Ox) has been reported to act as an electron trap [24]. It is probable that
the absence of Cs0Ox traps greatly enhances the electron diffusion length (L = (Dr)"?; D: diffusion
coefficient, 7: electron lifetime) by increasing the lifetime (7).

Figure 10. Negative ion mass spectrum (a) and depth profile (b) of SIMS
measurements for Ceo crystal purified three times by single-crystal sublimation.
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The overall results in this Section suggest that both high-purification and phase-separation are
necessary to fabricate 1 um-thick Ceo:H2Pc co-deposited cells.

5. pn-Control by Doping
5.1. Background

Organic semiconductors have been recognized as being affected by unintentional contamination
from impurities that act as donors, acceptors, traps, efc. Uncontrolled impurities due to incomplete
purification and due to contamination from air hid the real nature of organic semiconductors for a
long time. A typical example is oxygen. Since oxygen from air, which acts as an acceptor impurity, is
doped in many kinds of organic semiconductors such as phthalocyanines, they always show p-type
character. The prevention of exposure to oxygen by the use of ultra-high vacuum during film
deposition and subsequent measurements has revealed that phthalocyanines are fundamentally n-type
in nature [25,26]. A few exceptional kinds of organic semiconductors, such as perylene pigments (for
example Im-PTC (Figure 3)) that are not affected by oxygen even in air show n-type character.

Though impurity doping into organic semiconductors has already been studied, the types of
dopants that were used were very limited. As acceptor dopants, halogen vapors, such as I2 or Br2, were
used [27,28]. After Br-doping, perylene pigment changed its conduction type from n- to p-type, and
pn-homojunctions could be formed [29]. On the other hand, as donor dopants, there were few choices
except alkaline metals, such as Na and Ca, which are easily oxidized in air.

In the last decade, however, due to spin-offs from organic EL technology, several new kinds of
dopants have been identified, firstly for the carrier injection layers. As acceptors, organic dopants
such as F4-TCNQ [30,31] and inorganic dopants like MoOs3, V20s, etc. [32,33] were found. In terms
of donors that are relatively stable in air, Harada et al. found a Ru-complex and applied it to fabricate
pn-homojunctions in zinc phthalocyanine [34,35] and pentacene [36]. Recently, compounds of
alkaline metals, such as Cs2CO3 [37,38], and Co-complexes [39] acting as donor dopants have
been identified. Progress in the search for dopants for organic semiconductors is summarized in
reference [40].

We believe that the following points are indispensable for the complete pn-control of organic
semiconductors. (a) a ppm-level doping technique should be applied to sub-ppm purified organic
semiconductors; (b) Complete pn-control, i.e., the observation that every single organic semiconductor
shows both n- and p-type characteristics by impurity doping alone, should be proved; (c) Uncontrollable
doping by oxygen and water from air should be completely avoided to obtain reproducible results;
(d) For organic solar cell applications, the doping technique should be applicable not only to single
organic semiconductor films, but also to co-deposited films that have D/A sensitization capability.

5.2. Method of ppm-Level Doping

Organic semiconductor samples of at least 7N purity were used. Ceo (nano purple TL, Frontier
Carbon, Tokyo, Japan), H2Pc (Fastogen Blue EP-101, Dainippon Ink and Chemicals, Inc., Tokyo,
Japan), and 6T (sexithiophene; Tokyo Chemical Industry, Tokyo, Japan) samples were purified by
growing single-crystals by sublimation, as mentioned in Section 4.1. MoOs3 (Alfa Aeser, 99.9995%)
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and V20s (Aldrich, 99.99%), and Cs2COs3 (Aldrich, 99.995%) were used as dopants for acceptors and
donors, respectively (Figure 11a).

Figure 11. (a) Three-sources co-deposition. MoO3 and V205 acting as acceptors
and Cs2CO3 acting as a donor were doped into the H2Pc:Ceo (1:1) co-deposited film;
(b) An example of the total-thickness signal from the QCM vs. time relationship for
9 ppm doping.
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Multiple component co-evaporation techniques were employed to simultaneously evaporate
organic semiconductors and dopants. In the case of doping into single organic semiconductor films,
a two-component co-evaporation technique was employed. In the case of doping into Ceo:H2Pc
and Ce0:6T co-deposited films, a three-component co-evaporation technique (Figure 11a) was
employed. An oil-free vacuum evaporator (ET300-6E-HK, EpiTech Inc., Kyoto, Japan) was used for
co-evaporation on indium tin oxide (ITO) glass substrates at a chamber pressure of 10~ Pa.

Precise monitoring of the deposition rate using a quartz crystal microbalance (QCM) equipped
with a computer monitoring system (ULVAC, CRTM-6000G/Depoview) allowed us to introduce
the dopants down to a very low concentration of 10 ppm by volume. Figure 11b shows an example of
the total-thickness signal for the QCM vs. time relationship as monitored by a PC display for 50 ppm
MoOs doping. There was a very slow cyclical fluctuation in the material due to temperature
fluctuations in the cooling water for the QCM caused by on/off cycling of the chiller. However, a
reproducible increase in the baseline (red line), which was only observed during MoO3 evaporation
for a prolonged timescale of 3500 s, was observed (1.8 x 107% nm s!). The evaporation rate of the
organic semiconductors was maintained at 0.2 nm s~ . Therefore, a doping concentration of 9 ppm in
volume can be obtained (1.8 x 107%/0.2 =9 x 107%).

The Fermi level (Er) of the 100 nm-thick organic semiconductor films was measured using
a Kelvin vibrating capacitor apparatus (Riken-Keiki, FAC-1). Both the evaporation chamber and
the Kelvin probe were built into a glove-box (Miwa, DBO-1.5) purged with N2 gas (O2 < 0.2 ppm,
H20 < 0.5 ppm). During the film deposition and the Er and photovoltaic measurements, none of the
organic films were exposed to air at any time. Removal of the influence of Oz is indispensable for
obtaining accurate Er measurements of organic semiconductor films. The Er values were easily
perturbed if the organic films were exposed to air even once, especially by the ingress of Oz into the
films, and then reproducible results could hardly be obtained.
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5.3. pn-Control of Single Ceo Films

In Figure 12, energy diagrams of the Ceo (left side) and MoOs (right side) films are shown. The
MoOs3 showed a remarkably positive value of Er at 6.69 eV, which is more positive than the upper
edge of the valence band of Ceo (6.4 €V), as determined by X-ray photoelectron spectroscopy [41,42].
The value of Er for non-doped Ceo (black line) is located at 4.6 eV, near the lower edge of
the conduction band, suggesting that this film is n-type in nature. When MoO3; was doped at a
concentration of 3000 ppm, the value of Er shifted toward the positive direction and reached 5.88 eV,
which is close to the upper edge of the valence band (6.4 eV). This result strongly suggests that
MoOs-doped Ceo is p-type.

Figure 12. Energy diagrams of various organic semiconductor films. The black, red,
and blue lines show the energetic position of Er for non-doped, MoOs-doped, and
Cs2C03-doped films. The doping concentration is 3000 ppm. Er vales for MoO3 and
Cs2CO0;s films (100 nm) are also shown.
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To investigate the kinds of interactions that occur between Cso and MoQO3, the absorption spectra
of a co-deposited film with a ratio of 1:1 were obtained. Though single films of MoOs and Ceo are
transparent and weak-yellowish transparent respectively, a new strong absorption from 500 to 1800 nm
appeared for the co-deposited MoO3:Ceo (1:1) film and the film color changed to black (Figure 13,
left upper photograph). This new absorption can be attributed to charge transfer (CT) absorption
between Ceo and MoOs. Absorption spectrum of CT band is appeared in reference [43]. Based on
the energy diagram (Figure 12), it is reasonable to infer that MoOs extracts electrons from the
valence band of Ceo. The left-middle figure in Figure 13 shows the mechanism of p-type Ceo
formation. A CT complex, i.e., Ceo' — M0Q3, is formed. Here, the negative charge on the MoOs~
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group can be regarded as a spatially-fixed ion, i.e., an ionized acceptor. On the other hand, the
positive charge on Cso" can be liberated from the negative charge on the MoOs3™ by heat energy at
room temperature, and can migrate into the Ceo film and act as a free hole in the valence band of
Ceo. This increase in hole concentration causes the large positive shift of Er that is observed (Figure 12).
This is a process similar to the formation of free holes in p-type silicon (Figure 13, left lower).
V20s was also confirmed to act as an acceptor in Ceo.

Figure 13. (Upper) Photographs of Ce0:M0Os3 (1:1) (left) and Ce0:Cs2CO3 (10:1) (right).
Strong CT-absorption was observed. (Middle) Mechanisms of p- and n-type Ceo
formation by MoOs (left) and Cs2COs (right) doping. (Lower) Corresponding mechanisms
of p- and n-type Si formation by B (left) and P (right) doping.
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For the 3000 ppm Cs2CO3-doped Ceo film, the value of Er shifted negatively to 4.40 eV, which is
close to the lower edge of the conduction band (CB) of Ceo (4.0 V) [41]. A thick co-deposited film
of Ce0:Cs2COs3 in the ratio 10:1 changed color to reddish-brown (Figure 13, right upper photograph),
i.e., it showed a new broad CT absorption. Since the work function of Cs2CO3 (2.96 eV) is more
negative than the conduction band of Ceo (4.0 V), it is reasonable that Cs2CO3 donates an electron
to Ceo and forms a CT complex, i.e., Cso” — Cs2COs"*. The formation of n-Cso by Cs2CO3 doping is
caused by the opposite mechanism to MoOs doping (Figure 13). The donor ability of Cs2CO3 did
not disappear even after exposure to air.

5.4. pn-Homojunction Formation in Single Ceo Films

Since both p- and n-type Ceo were formed, we tried to fabricate pn-homojunctions in the single Ceo
films [44,45]. Three types of cells with different thickness combinations of p- and n-doped layers,
i.e., 250/750 nm (a); 500/500 nm (b); and 750/250 nm (c) were fabricated (Figure 14). The total
thickness of the Ceo was maintained at 1 pm for all cells. Figure 15 shows the action spectra for the
three types of cells. Under irradiation onto the ITO electrode (Figure 14a, hv(ITO)) and with the
homojunction located at the ITO side (Figures 14a and 15a, curve A), photocurrent mainly appeared
between 400 and 500 nm, which corresponds to the visible absorption region of the Ceo film (black
curve). For the homojunction at the center of the cell (Figures 14b and 15a, curve B), the photocurrent
decreased and shifted to longer wavelength and the main peak was located at the edge of the Ceo
absorption. Finally, for the homojunction on the Ag side (Figures 14c and 15a, curve C), the low
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magnitude photcurrent shifted to a wavelength far longer than 500 nm, where there is little Ceo
absorption. The observed systematic change in the shape of the action spectra with respect to the
distance of the homojunction from the light-irradiated electrode can be attributed to the so-called
“masking effect”. This means that photocarrier generation occurs mainly in the neighboring regions
of the p/n-doped interface (active zone) and that, by retracting this homojunction from the
light-irradiated ITO surface, a dead layer is gradually grown in front of this active zone.

Figure 14. Three structures of pn-homojunction Ceo cells. The thickness combinations of
the MoOs- and Ca-doped layers are 250/750 nm (a); 500/500 nm (b); and 750/250 nm
(¢). The concentration was kept at 5000 ppm for both dopants. Hv (ITO) and hv (Ag)
denote light irradiation onto the ITO and onto Ag electrodes, respectively. The locations
of the homojunctions are indicated by the arrows.
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Under light irradiation onto the Ag electrode (Figure 14, hv(Ag)), the homojunction approaches
the illuminated electrode in the order of cells (a); (b); and (c). In this case, completely the reverse
tendency, namely, an increase in the magnitude of the photocurrent and a shift towards shorter
wavelength of the action spectra, were observed (Figure 15b, curves C, B, and A). This means that
the dead layer between the active zone and the illuminated Ag electrode gradually disappeared.
Apparently, the photoactive zone moves together with the homojunction. Even if the Ca donors were
substituted with Cs2CO3 donors, fundamentally the same result was obtained. Since the width of the
depletion layer pn-homojunction at the present doping concentrations of 5000 ppm MoQO3/5000 ppm
Cs2CO0s is calculated to be only 29 nm, which is far smaller than the total cell thickness of 1 um,

a strong masking effect (Figure 15) was observed.
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Figure 15. Action spectra of the short-circuit photocurrent density (Jsc) under irradiation
onto the ITO electrode (a) (hv(ITO)) and onto the Ag electrode (b) (hv(Ag)). Curves A,
B, and C are for cells (a); (b); and (¢) in Figure 14, respectively. The black curve shows
the absorption spectrum of the Ceo film (150 nm). The monochromatic light intensity
irradiated to the electrodes is around 3 mWem 2.
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In Figure 16, the energy structure of a pm-homojunction (doping concentration: 3000 ppm
MoO3/500 ppm Cs2C03) as measured by Kelvin-band mapping (see Sections 5.6 and 6.3) is shown.
Since there is a significant difference in EF, a built-in potential can be created by contacting the
MoOs- and the Cs2COs-doped Ceo films (Figure 12, left side). As a result, a pn-homojunction is
formed. The observed direction of the photovoltage, whereby ITO/MoQOs is positive and BCP/Ag
is negative, is consistent with this energy structure. The present results clearly show that
pn-homojunctions were fabricated in the single Ceo films by doping alone. In other words, the
photovoltaic properties of organic semiconductor films could be intentionally designed by doping.
We also confirmed the formation of pn-homojunctions for metal-free phthalocyanine (H2Pc) [46].

Figure 16. Energetic structure of pn-homojunction formed after contact measured
by Kelvin band mapping. The doping concentrations of Cs2CO3 and MoQOs3 are 500 ppm
and 3000 ppm, respectively.
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5.5. Generality

As shown in Figure 12, other than fullerenes (Ceo and C70), complete pn-control was accomplished
for various phthalocyanines (H2Pc, ZnPc CuPc, PbPc), other photovoltaic organic semiconductors
(rubrene, sexithiophene (6T), pentacene, DBP), and hole transport materials (CBP). In exceptional
cases, due to the energy relationship, only p- and n-type control could be accomplished for TPD
and electron transport material (NTCDA), respectively. These results strongly suggest that, in principle,
almost all single organic semiconductors can be controlled to both n-type and p-type by doping
alone, similar to the case of inorganic semiconductors. For the cases of Cs0, H2Pc, ZnPc, pentacene,
and CBP, pn-homojunctions were formed [34,36,38,44,46].

5.6. Band Mapping by Kelvin Probe

The concentrations of carriers created by doping can be evaluated by using the Kelvin vibrating
capacitor method [47,48]. Figure 17 shows the principle of band mapping by Kelvin probe. When
p-doped organic semiconductors are in contact with ITO electrodes, the Er values are aligned.
Accordingly, the vacuum level (Evac) is bent upward and the value of the work function, which is
defined as the difference between Evac and E¥ (red double arrows), changes with the thickness of the
films. Thus, the band-bending can be directly mapped (Figure 17, lower) by measuring the work function
using a Kelvin probe for changing thicknesses of doped films (Figure 17, middle). Since the
band-bending gives the depletion layer width (Waep) and the built-in potential (Vbi), the carrier
concentration (N) can be obtained by using the following equation; Waep = (2e€0Voi/eN)"2. Here, &, €0,
and e are the relative dielectric constant, the dielectric constant of a vacuum, and the elementary charge.

Figure 17. Principle of band-mapping by Kelvin probe. An interface between an
ITO and a p-type semiconductor film is shown. Work function values (middle figure)
corresponding to the double red arrows (lower figure) depending on the thickness of
the organic semiconductor film were measured by Kelvin probe. Evac, Er, CB, and
VB denote the vacuum level, the Fermi level, the conduction band, and the valence
band, respectively.
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Figure 18 shows the dependences of the work functions of the doped Ceo films on the film
thicknesses. In the case of Cs2COs-doping, the work function was shifted toward the negative
direction and reached close to the lower edge of the conduction band (CB) (3.9 eV) (triangular dots).
In the case of MoOs-doping, the work function was shifted toward the positive direction and reached
near the upper edge of the valence band (VB) (6.4 eV) (circular dots). For both dopants, as the doping
concentration increased, the film thickness at which the shift in the work function finished became
thinner, and the magnitude of the energy shift became larger. Namely, Waep decreased and Vei increased.
These band-bendings can be fitted by quadratic curves (Figure 18, solid lines) based on the Poisson
equation, and the values of Waep and Vbi can be precisely determined. For example, in the cases of
the n- and p-type band-bending of Ceo films doped with Cs2CO3 (500 ppm) and with MoOs
(5000 ppm), electron and hole concentrations of 2.5 x 10'7 cm™ and 9.6 x 107 cm™ [49] were
obtained, respectively, from Waep values of 24 nm and 21 nm and Vbi values of 0.29 V and 0.87 V
using a € value of 4.4 for Ceo [50].

Figure 18. Work function shifts in Ceo films doped with Cs2CO3 and MoOs on ITO
substrates (triangular and circular dots). Band-bending was fitted by a quadratic
relationship based on the Poisson equation (solid curves).
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Figure 19a shows the dependence of carrier concentration on the doping concentration.
When the Cs2CO3-doping concentration increased, the electron concentration rapidly increased and
reached 10'° cm at a doping concentration of 10,000 ppm. On the other hand, when MoO3 was used
as the dopant, the carrier concentration showed a minimum value, i.e., 4.3 x 10'> cm™ at 500 ppm,
and the hole concentration increased and reached 2.7 x 10'® cm™ at 10,000 ppm. The minimum
carrier concentration at 500 ppm with MoOs-doping suggests that the holes created by MoOs3-doping
compensate the inherent n-type nature of Ceo.
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Figure 19. Dependence of carrier concentration (a) and doping efficiency (b) on doping
concentration of Cs2CO3 or MoOs.
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Figure 19b shows the doping efficiency, which is defined as the ratio of the induced carrier
concentration to the doped molecular concentration. The doping efficiencies of Cs2COs- and
MoOs-doping are about 10% and 3%, respectively. The doping process can be explained by the
formation of a CT-complex and its subsequent ionization (Figures 13(middle) and 20b). Thus, the
doping efficiency is expressed by the product of the rates of CT complex formation and ionization.
In the case of Cs2COs, since Cs2COs is a substantial molecule, by assuming that Cs2CO3 evaporates
molecularly and the rate of CT complex formation with Ceo is close to unity [51], the observed
doping efficiency of 10% can be regarded as the ionization efficiency, which is significantly smaller
than the value of 100% obtained for the donor dopant P in Si at room temperature. The orbitals of the
electrons around the positive charge on the ionized donor in the cases of P-doping in Si (a) and of
Cs2C03-doping in Ceo (b) are shown in Figure 20. Based on the fact that the ¢ value of Siis 11.9, the
radius of the orbital of the electron around the positive charge of an ionized donor (P") is calculated
to be 3.3 nm. This situation is fundamentally the same to the Wannier exciton (Figure 1a) and the
electron is easily liberated from the positive charge by thermal energy at room temperature, and thus
the ionization efficiency reaches unity (Figure 20a). The only difference to the exciton is that the
positive charge is spatially fixed in the crystal lattice [52]. In the case of Cs2CO3-doping in Ceo, since
the € value of Ceo is 4.4, the electron experiences a stronger attractive force from the positive charge.
The radius of the Frenkel exciton is only 0.5 nm for Ceo (Figure 1b). However, a CT complex is
formed by employing Cs2COs-doping, i.e., [Cs2CO3'—Ceo ] and the charges are separated on the
neighboring molecules (Figure 20b). This situation is fundamentally the same as the CT exciton
(Figure 2b) and the negative charge on Ceo can be liberated by thermal energy at room temperature.
Thus, significant values for the ionization efficiencies of electrons of about 10% were observed,
though they were lower than the case of Si.
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Figure 20. Orbital of an electron around a positive charge on an ionized donor.
(a) P-doping in Si. P" is represented by the red shaded circle. This situation resembles the
Wannier exciton (Figure 1a); (b) Cs2COs-doping in Ceo. Cs2COs" is represented by the
red shaded circle. This situation resembles the CT-exciton (Figure 2b).
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In the case of MoOs3, a doping efficiency of 3% was obtained under the assumption that MoO3
forms the trimer (M0309) [53]. Though a similar mechanism to that in Figure 20b can also be applied
in this case, in addition, the formation of larger MoOx clusters lowers the efficiency of CT-complex
formation, which seems to lower the total doping efficiency.

5.7. Organic/Metal Ohmic Junction

It is very important to make the two organic/metal contacts in a photovoltaic cell ohmic. When the
region in the vicinity of a metal electrode is heavily doped, even if there is a Schottky barrier, its
width becomes extremely thin allowing charge carrier tunneling and, as a result, an ohmic contact is
expected to be formed similar to that on heavily p'- or n"-doped inorganic semiconductors [40,54,55].
Here, + means heavily doped. Moreover, an ohmic contact can be formed irrespective of which
electrode material is used, since tunneling is less dependent on the metal work function, enabling the
cell structure to be inverted. This technique would allow flexibility in the design of the cell structure.

As a test case, two-layer cells consisting of Ceo and H2Pc (Figure 21a,b) were examined [56].
The electrode materials were ITO and Ag. Heavy doping of the order of 10,000 ppm (1%) and
50,000 ppm (5%) was applied to thin 10 nm regions close to the Ceo and H2Pc/metal interfaces.
Figure 21c,d shows the current-voltage (J-V) characteristics for the cells with heavily-doped regions
in Figure 21a,b (red curves). For the cell in Figure 21a, the fill factor (FF) reaches a value of 0.59
and clear rectification characteristics can be seen with heavily-doped regions (red broken curve).
Without the heavily-doped regions (blue curves), however, FF is only 0.29 and the forward current is
significantly suppressed. For the inverted cell (Figure 21b), without heavily-doped regions (Figure 21d,
blue curves), photovoltaic and rectification behavior are scarcely perceptible [57]. However, with the
heavily-doped regions (red curves), the FF recovers, reaching a value of 0.49, and rectification is
clearly observed. Clearly, the photovoltaic properties of the cells with thin heavily-doped regions at
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the interfaces are independent of the type of electrode material used. Thus, H2Pc/Ceo cells are
invertible using this interfacial heavy-doping technique.

Figure 21. Structures of invertible two-layered H2Pc/Ceo cells with heavily-doped
organic/metal interfaces. For the cells in (a,b), photogenerated holes and electrons are
extracted to ITO and Ag, and to Ag and ITO, respectively. The total thicknesses of
the H2Pc and Ceo films are kept the same; (¢,d) Current-voltage (J-V) characteristics for
the cell (a,b) (red curves). The blue curves are for cells without heavily doped interfaces.
The photocurrent and the dark current are shown by the solid and broken curves,
respectively. The ITO electrode was irradiated with simulated solar light (AM1.5,
100 mWem 2). Cell performances: (a) Js: 3.38 mAcm 2, Voe: 0.46 V, FF: 0.59, Efficiency:
0.91%; (b) Jsc: 2.70 mAcm 2, Voe: 0.43 V, FF: 0.49, Efficiency: 0.57%. Copyright® 2012
The Japan Society of Applied Physics.
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Since electron extraction from Ceo to the ITO electrode is crucial for the operation of the inverted
cell (Figure 21d (red curves)), we estimated the interfacial energy band structure of ITO/10,000 ppm
Cs2C03-doped Coo by Kelvin band mapping (Figure 22) (Section 5.6). There is a distinct barrier to
electrons with a height of 0.34 eV from the conduction band of Ceo to the ITO. However, since the
band bends down steeply within 5 nm of the interface, photogenerated electrons can tunnel through
this barrier. Heavily-doped Ceo acts as an n'-type semiconductor and makes the n"-Ces0/ITO junction
ohmic. Organic/metal ohmic junctions can be fabricated by making tunneling contacts with heavy
interfacial doping.
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Figure 22. Energy structure for an ITO/n"-Ceo contact measured by Kelvin band
mapping. A tunneling junction for photogenerated electrons is formed. Copyright® 2012
The Japan Society of Applied Physics.
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6. pn-Control of Co-Deposited Films by Doping

ITO

6.1. pn-Control of Co-Deposited Films

Co-deposited films consisting of D/A organic semiconductors are essential in order to generate
photocurrent densities of significant magnitude based on the dissociation of excitons by the
photoinduced electron transfer process (Figures 2b and 4). So, for the application of this doping
technique to organic photovoltaic cells, doping should be performed by regarding a co-deposited
film consisting two kinds of D/A organic semiconductors as a single semiconductor. We believe that
the formation of a built-in potential by direct-doping in the bulk of co-deposited films, where the
generation and transport of photocarriers occurs, has the potential to enhance the efficiency of these
cells [48]. Moreover, in these types of cells, short exciton diffusion length is no longer a factor that
limits cell performance.

Figure 23a shows the energy diagram for H2Pc:Cso co-deposited films. With donor (Cs2COs3)
doping, Er has shifted from the undoped value of 4.48 eV (black broken line) to 4.22 eV (green
broken line) and is close to the Ceso conduction band (CBceo). Conversely, for acceptor (V20s)
doping, Er has shifted to 4.95 eV (orange broken line) and is close to the H2Pc valence band
(VBm2pe). Clearly, the conduction properties of the co-deposited films are controlled to both n- and
p-type. It should be noted that the EF shift occurs within the band gap of co-deposited H2Pc and Ceo
films, i.e., in between CBcso and VBH2pe. For n-type doping (Figure 23b), free carriers (electrons)
are produced in both H2Pc and Ceo, and they relax to the conduction band of Ceo. EF is fixed to
4.22 eV and is constant throughout the H2Pc and Ceo (green broken line). For p-type doping
(Figure 23b), holes are produced that relax to the top of the H2Pc valence band. EF is fixed to
4.95 eV and is constant throughout the H2Pc and Ceo (orange broken line). As a result, the shifts
in Er are within the “bandgap of the co-deposited film”. Thus, control of the doping in the
co-deposited film was accomplished [58,59].
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Figure 23. (a) pn-control of Ha2Pc:Ceo co-deposited films by doping. The Er shift
occurs within the “bandgap of the co-deposited film”. (b) Mechanism of n- and
p-type formation.
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6.2. Organic/Organic Ohmic Junction

pn-control technique of co-deposited films allows us to fabricate pr-homojunction in the uniform
co-deposited films. Lightly doped pn-homojunction is expected to act as the photovoltaic cells. On
the other hand, heavily doped n'p*-homojunction is expected to act as the organic/organic ohmic
junction. In this section, behavior of heavily doped n*p"-homojunction is mentioned.

Irrespective of whether we use single or co-deposited films, by making an n'p" heavily doped
double layer, organic/organic ohmic junctions can be fabricated [45,60]. Figure 24a shows an
n'p*-homojunction device fabricated in a Ce0:6T co-deposited film. MoO3 and Cs2CO3 were heavily
doped (50,000 ppm (5%)) for the p* and n"-regions, respectively. Obviously, the n'p*-homojunction
showed good ohmic properties (Figure 24b).

Figure 24. Organic/organic ohmic n'p'-homojunction (a) and its current-voltage
characteristics (b).
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6.3. Tandem Cells Formed in Co-Deposited Films by Doping

Tandem organic solar cells were first reported by the authors in 1990 [61] and many types of cells
that connect two unit cells have been fabricated [62]. The tandem organic solar cell, in which two
single p'in"-homojunctions are connected by a heavily-doped n"p*-ohmic interlayer, were formed in
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co-deposited films consisting of Ceéo and sexithiophene (6T) simply by doping [60]. Figure 25a,b
show the structures of a single p'in'-homojunction cell and a tandem cell connecting two
plin"-homojunctions formed in co-deposited Ce0:6T films. The following cell parameters were
obtained; Jsc of 3.0 mA cm 2, Vo of 1.69 V, FF of 0.47, and a conversion efficiency of 2.4%
(Figure 25c, red curves B). Compared with the single cell (Figure 25c, blue curves A), Voc has
doubled from 0.85 V to 1.69 V. Obviously, the n'p"-homojunction in the tandem cell acts as an
ohmic interlayer to connect the unit cells as shown in Figure 24.

Figure 25. (a) Structure of a p*in*-homojunction cell fabricated in a C0:6T co-deposited
film. A non-doped intrinsic Ce0:6T layer is sandwiched between heavily doped p* and
n*-Ce0:6T layers; (b) Structure of a tandem cell connecting two unit p*in*-homojunction
cells via an ohmic n*p*-homojunction; (¢) Current voltage (J-V) characteristics for a
single p*in"-homojunction cell (blue curves A) and a tandem cell (red curves B). The
photo and dark currents are shown by the solid and the broken curves, respectively. The
ITO electrode was irradiated with simulated solar light (AM 1.5, 100 mW cm2). The cell
parameters, i.e., Jsc, Voc, FF, and efficiency. Curve A: 4.5 mA cm 2, 0.85 V, 0.41, 1.6%.
Curve B: 3.0 mA cm 2, 1.69 V, 0.47, 2.4%.
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Kelvin energy-band mapping of the homojunctions was performed by measuring from both sides
of the homojunction. To illustrate the presence of a p*in"-homojunction, the Er values for non-doped
Co0:6T films on doped films were measured (blue curves A in Figure 26a,b). Er hardly changed
and maintained almost constant values on both the MoOs-doped film (Figure 26a) and on the
Cs2C0s3-doped (Figure 26b). These constant Er values indicate that the non-doped Ce0:6T films
act as insulators. As a result, when a unit cell having the structure of MoOs-doped
(50,000 ppm)/non-doped/Cs2COs-doped (50,000 ppm), i.e., a p'/insulator/n”, is fabricated, the
built-in electric field generated by the differences in Er between the MoOs and Cs2COs3 doped layers
(5.6 —4.4=1.2 eV) (see Figure 26a,b), Ce0:6T thickness = 0 nm) are uniformly distributed across the
insulating non-doped Cs0:6T film. Thus, two p‘in'-homojunctions can be depicted in the front and
back cells (Figure 27).
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Figure 26. Energy level mapping of homojunctions using a Kelvin probe. The sample
structures and the dependence of the position of the Fermi level (Er) on the thicknesses
of the non-doped or doped Ce0:6T films are shown. (a) Non-doped (blue curve A) or
Cs2C03-doped (red curve B) deposited on a MoOs-doped Ce0:6T film; (b) Non-doped
(blue curve A) or MoOs-doped (red curve B) Ceo:6T film deposited on a Cs2COs3-doped
Ce0:6T film.
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To illustrate the presence of an n'p’-homojunction, Er values for Cs2COs-doped films on
MoOs-doped films (red curve B in Figure 26a) and those for MoOs-doped films on Cs2CO3-doped
films (red curve B in Figure 26b) were measured. All doping concentrations of MoO3 and Cs2CO3
are 50,000 ppm. In the former case, a rapid negative shift in Er ended within 3 nm and reached the
original EF position of Cs2COs3-doped Ce0:6T (4.38 eV, see Figure 26b, Ce0:6T thickness = 0 nm). In
the latter case, a quick positive shift in £r ended within 15 nm and reached the original Er position
of MoOs-doped Ce0:6T (5.58 eV, see Figure 26a, Ce0:6T thickness = 0 nm). Based on these
complementary observations, the potential profile of the depletion layer of an np"-homojunction
(Figure 27, red shaded region, width: 18 nm) can be drawn.

The overall energy band diagram of a tandem cell is shown in Figure 27. In the case of the
p'in"-homojunction cells formed in co-deposited Ce0:6T films, there are Ceo/6T hetero interfaces
where photoinduced electron transfer can occur throughout the whole of the cells. Thus, under light
irradiation, electrons and holes are photo-generated in both the front and back cells. Electrons and
holes that move toward the n'p"-ohmic interlayer neutralize each other due to recombination or
tunneling. This process is consistent with the observed photovoltaic properties of the present tandem
cell (Figure 25). It should be stressed that the present results proved that built-in potentials, like



194

homojunctions and tandem junctions, can be intentionally formed in bulk co-deposited films induced
by doping alone.

Figure 27. Energy band diagram of the depicted tandem cell based on Kelvin probe
measurements (Figure 26). The red shaded region corresponds to the depletion layer for
an n'p*-homojunction acting as an ohmic interlayer. VB and CB denote the valence band
and the conduction band, respectively. The bands for Céo and 6T are shown by the black
and orange curves, respectively.
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7. Conclusions

Factors that determine bandgap science for organic semiconductor films, namely,
high-purification, pn-control by doping, built-in potential design, and precise evaluation of doping
parameters, have been established. 7N-purification together with phase-separation by co-evaporant
3" molecules allowed us to fabricate organic solar cells incorporating 1 pm-thick co-deposited films.
pn-control techniques by impurity doping for both single and co-deposited films were established. A
series of fundamental junctions, such as Schottky junctions, pn-homojunctions, p*, n*-organic/metal
ohmic junctions, n*-organic/p*-organic ohmic homojunctions, and tandem cells were formed in
single and co-deposited organic semiconductor films by doping alone.

Since conductivity (o) is the product of the mobility (1) and the carrier concentration (N), i.e.,
o = eNu [e; electron charge], the cell resistance (¢ ') can be reduced by increasing both N, by means
of doping, and p, by means of phase-separation of the co-deposited film by using a co-evaporant 3rd
molecule, Now, we are trying to combine doping with phase-separation [58].
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Chapter 12

Electron and Hole Transport Layers: Their Use in Inverted
Bulk Heterojunction Polymer Solar Cells

Sandro Lattante

Abstract: Bulk heterojunction polymer solar cells (BHJ PSCs) are very promising organic-based
devices for low-cost solar energy conversion, compatible with roll-to-roll or general printing
methods for mass production. Nevertheless, to date, many issues should still be addressed, one of
these being the poor stability in ambient conditions. One elegant way to overcome such an issue is
the so-called “inverted” BHJ PSC, a device geometry in which the charge collection is reverted in
comparison with the standard geometry device, i.e., the electrons are collected by the bottom
electrode and the holes by the top electrode (in contact with air). This reverted geometry allows one
to use a high work function top metal electrode, like silver or gold (thus avoiding its fast oxidation
and degradation), and eliminates the need of a polymeric hole transport layer, typically of an acidic
nature, on top of the transparent metal oxide bottom electrode. Moreover, this geometry is fully
compatible with standard roll-to-roll manufacturing in air and is less demanding for a good post-
production encapsulation process. To date, the external power conversion efficiencies of the
inverted devices are generally comparable to their standard analogues, once both the electron
transport layer and the hole transport layer are fully optimized for the particular device. Here, the
most recent results on this particular optimization process will be reviewed, and a general outlook
regarding the inverted BHJ PSC will be depicted.

Reprinted from Electronics. Cite as: Lattante, S. Electron and Hole Transport Layers: Their Use in
Inverted Bulk Heterojunction Polymer Solar Cells. Electronics 2014, 3, 132-164.

1. Introduction

In 1977, Shirakawa, Louis, MacDiarmid, Chiang and Heeger reported on their discovery of
electrically conductive polymers [1] (for which, in 2000, the Nobel Prize in Chemistry was awarded
jointly to Heeger, MacDiarmid and Shirakawa). From that milestone, a great deal of research
activity on conjugated polymer-based optoelectronics has been developed all over the world. To
date, organic-based light-emitting diodes (OLED) have become commercially available with good
performance, and polymer-based photovoltaics has reached high efficiency: over 9% in lab-scale
devices [2,3]. The exploiting of the peculiar properties of conjugated polymers in the photovoltaic
(PV) field is more recent than in light emitting devices, and still, a lot of unsolved questions
must be addressed in order to really develop a commercial route for polymer PV [4]. Followingthe
ideas and the experimental results in the pioneering works on small organic molecule-based
photovoltaics [5], in 1993, Sariciftci reported on the evidence of a conjugated polymer/fullerene
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heterojunction bilayer solar cell [6,7]. Soon after that, the first polymeric bulkheterojunction (BHJ)
PV device was described by Yu et al. [8]. In 1995, the new soluble fullerene derivatives [9] allowed
the boosting of device performances [10]. Starting from those first works, a lot of efforts have
been made in order to increase the device power conversion efficiency (PCE) and stability, mainly
working on synthesizing new polymers to be used in the active layer and on optimizing the device
structure and geometry. The most commonly used device structure for a BHJ organic solar cell
comprises a conductive transparent substrate—typically metal oxides, like indium tin oxide (ITO)
or fluorine-doped tin oxide (FTO) on glass or plastic substrates—covered by a thin hole conducting
layer, such as the polymer, poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS),
over which, the active layer is deposited, typically from a solution by means of spin coating, doctor
blading, ink-jet printing, spray coating, etc. [11-14]. Finally, a thin metal layer is realized (Al, Ca/Al,
LiF/Al, for instance), usually by thermal evaporation. This structure has been used in the realization
of devices with very good performance, reaching a PCE of around 9% [3]. Despite these good
efficiency reports, which, anyway, are far from being general and reproducible [4], such a structure
suffers from several drawbacks: due to the required energy level alignment among all the cell
components, a low work function metal electrode must be used on top of the device for the electron
extraction, like Al. However, low work function metals undergo very fast oxidation when exposed
to air, losing their conductivity, suddenly turning a working device into a faulty one. Moreover, the
PEDQOT:PSS is acidic in nature and is thus detrimental to the underlying metal oxide layer, which
undergoes fast degradation [15,16]. Finally, it has been widely reported that polymer/fullerene (as
well as polymer/polymer blends [17]) are characterized by a stratified composition (vertical phase
separation) during the film formation [18], with the fullerene phase—that is, the electron-conducting
phase—mainly concentrated at the bottom of the film and the polymer phase—the hole-conducting
one—concentrated mainly at the top of the film. Thus, the film vertical phase structure is opposite to
the ideal one, where the electron-conducting phase must face the top low-work function electrode and
the hole-conductive phase must face the bottom high work function electrode. All these problems can
be avoided by reversing the collection process, i.e., collecting the holes by the top electrode and the
electrons by the bottom electrode. In such a structure, the top metal electrode would be a high work
function electrode, like silver or gold (Ag or Au), thus eliminating the oxidation problem, while the
bottom electrode should be a transparent electron conducting layer (oxides, like zinc oxides (ZnO)
or titanium oxide (TiO,) are good examples), eliminating the problem of the acidic PEDOT:PSS on
ITO or FTO.

This inverted structure was first exploited in the fabrication of organic light emitting diodes, also
initially referred to as an “upside-down” structure [19]; then, it started to be exploited also in the PV
field [20,21].

After these pioneering works, it has been demonstrated that the inverted structure allows one
to reach performances even better than the standard one [22,23]. Despite this, the research on
inverted polymer solar cells (PSCs) is a very small fraction of the total research in the PSC field.
As of 14 November 2013, a simple search on the ISI Web of Knowledge using as key words “bulk

heterojunction solar cell” (excluding the word “inverted”) gives about 7400 papers, while when the
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key words “inverted” AND “bulk heterojunction solar cell” are used, only 207 results are shown, that
is less than 3% of the published papers. The situation does not change much if the search string is
not limited to bulk heterojunction, but to the more generic “polymer solar cell” (24,700 results) to be
compared with the very small number of 514 results when searching for “inverted” AND “polymer
solar cell” (less than 2% of the published papers on polymer solar cell), nor would a great variation
of this ratio come out if the search were limited to the last two years. This was already pointed out by
Krebs and coworkers very recently [4] (they estimated that less than 10% of published results were
focused on the inverted structure). This is quite surprising, since the polymeric bulk heterojunction
inverted solar cell (BHJ ISC) has by far better stability over time than the standard geometry
devices [24].

Among these relative few papers, the review articles are very limited. The most recent and
complete, by Zhang et al., published in 2011 [25], however, reviews general inverted organic
devices, not focusing particularly on the polymer bulk heterojunction concept; while in the one by
Hau et al. [24], published in 2010, there is no general focus on the electrode interfaces.

The aim of this review is to present a comprehensive description of the most recent
results on the improvement in the performances of hole transport layers (HTLs) and electron
transport layers (ETLs) used in BHJ ISC in order to tentatively give a strong baseline for
further research directions and improvements. On the contrary, this paper will not consider:
(1) small molecule-based devices; (2) bi-layered active materials or multi-layered active material
devices; and (3) tandem devices; for all of which, there is an excellent scientific literature.

The paper will be structured as follows: first, a very brief and general overview of the working
principles of the bulk heterojunction solar cell is given; then, a comparison between the standard
geometry device and the inverted one is sketched, highlighting the pros and cons of both, following a
detailed review of the various materials and strategies for optimizing the hole transport layer (HTL)
and the electron transport layer (ETL); finally, a summary of the major findings is given.

2. The Bulk Heterojunction Solar Cell: Working Principles

The working principle of a polymer BHJ solar cell (see Figure 1) could barely be summarized
as the creation of an exciton in the active layer, due to light absorption, and the separation of this
exciton into two separate charge carriers at the interfaces between the species that constitute the
active layer (typically, a binary blend of a polymer and a fullerene or two polymers, which act as
the donor phase and the acceptor phase), with subsequent collection by the electrodes [26]. Despite
their apparent simplicity, all of these steps must obey very strict limitations in order to be as efficient
as one would need. First of all, the generated excitons must hop between the molecules reaching an
interface between the two phases before recombining (radiatively or non-radiatively). This means
that the two phases should be mixed in an optimal structure, with phase domains usually in the
order of 10-30 nm (the average exciton diffusion length in polymers [26]). Then, the position of
the energy levels at the interface must be favorable for a fast exciton dissociation followed by charge
separation (i.e., the electron in the acceptor phase and the hole in the donor phase without successive
recombination [26]). After that, the charges must travel inside the respective phases, reaching the
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collecting electrodes again without a charge recombination: at this point, the energetic level structure
at the electrode interfaces plays a fundamental role, ideally the interface being an ohmic contact [26].

Figure 1. Schematic basic working principle of a polymeric bulk heterojunction

solar cell.
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The standard geometry device is sketched in the upper part of Figure 2; as already mentioned
in the Introduction, it typically consists of a transparent bottom electrode for the hole collection, a
thin layer of active material and a top metal electrode for the electron collection. In the inverted
structure (bottom of Figure 2), the role of the electrodes is swapped; thus, the electrons are collected
by the bottom transparent electrode and the holes by the top metal electrode. This reversed collection
implies that the work function of the top electrode must be high enough in order to match the donor
highest occupied molecular orbital (HOMO) energy level, and the work function of the bottom
electrode must be low enough in order to match the acceptor lowest unoccupied molecular orbital
(LUMO) energy level. If the requirement of the top metal electrode can be simply fulfilled by
selecting high work function metals, like gold or silver, the right selection of the bottom electrode
is more tricky. In fact, the most used transparent metal oxides, like ITO or FTO, possess high work
functions that do not match well with the LUMO level of the acceptors. The matching of the energy
levels is obtained by modifying the bottom electrode with the deposition of a thin layer of suitable
electron conducting (hole blocking) materials, like, for instance, ZnO or TiO,, which are, moreover,
transparent to visible light. The effects of this electrode capsizing are multiple, and the working

properties of the devices are strongly influenced, as will be described in the following sections.
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Figure 2. Schematic geometry for (top) a standard bulk heterojunction (BHJ) device
and (bottom) an inverted BHJ device. The main component layers are sketched. ETL,
electron transport layer; HTL, hole transport layer.
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2.1. Light Absorption and Electromagnetic Field Distribution: Comparison between Standard and

Inverted Structure

The processes of exciton diffusion, exciton dissociation and charge separation, as well as charge
recombination in the bulk active layer depend on the active layer properties and are thus expected
to be the same for both of the structures. On the contrary, standard and inverted structures present
strong differences in the electromagnetic field distribution inside the device.

The main criterion that should be fulfilled in every PV device is that the solar light should be well
absorbed by the active layer (that means that, ideally, the main part of the solar spectrum reaching
the Earth’s surface should be harvested). This is not a well-solved issue yet in organic PV, since each
polymer absorbs a narrow range of visible light, and typically, the ones used in BHJ solar cells have
no or low absorption in the low energy side of the solar spectrum. Since the open circuit voltage
(Voc) of a BHJ PSC is believed to be determined mainly by the donor HOMO-acceptor LUMO
energy gap [26], the exploitation of low band-gap donors typically decreases the V., and a trade-off
must be reached between good light harvesting and good electrical parameters. Although this is a
problem that affects both the standard geometry and the inverted one, it has been demonstrated that
the inverted configuration better harvests the incoming light, due to a more favorable electromagnetic
field distribution inside the active layer. In fact, Ameri et al. [22] considered a poly-3-hexyl thiophene
(P3HT):phenyl-C61-butyric acid methyl ester (PCBM) standard geometry solar cell and an inverted
analogue; they found that the inverted device performed about 15% better than the standard one.
In order to understand the reasons underlying the better performance, they optically modeled the
devices. They found that in the inverted structure, the number of absorbed photons by the active layer
was increased, thus resulting in an increased number of charge carriers, thanks to the use of a TiO,
bottom layer, which is transparent to visible light, instead of a PEDOT:PSS layer, which absorbs
about 20% of the incoming light. With these observations, they were able to explain roughly a 10%
increase in performance. The remaining 5% boost was instead ascribed to an unbalanced electron
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and hole mobilities that lead to a more efficient charge collection in the inverted structure than in the
standard one. Indeed, assuming an exponential absorption profile, the charge carriers are generated
mainly closer to the bottom electrode rather than to the top metal electrode; thus in the presence of
unbalanced mobilities with the hole mobility lower than the electron one, a better charge collection is
expected in the inverted configuration. What was still missing in the discussion was the findings that
the P3BHT:PCBM blend undergoes a vertical phase separation during the process of film formation,
resulting in a stratified structure in which a PCBM-rich layer is formed on the bottom of the film and
a P3HT-rich layer is formed on the top [18] (see Figure 3). As the electrons mainly travel inside the
PCBM phase and the holes mainly travel inside the P3HT phase towards the respective electrodes, the
inverted configuration is the best one, being characterized by a self-assembled ETL (hole blocking)
at the electron extraction electrode (bottom) and a HTL (electron-blocking) at the hole extraction
electrode (top), thus both increasing the charge extraction efficiency and reducing the bimolecular

recombination at the electrodes.

Figure 3. Vertical phase separation in a BHJ polymer solar cell (PSC). Reprinted
with permission from [18]. PCBM, phenyl-C61-butyric acid methyl ester; PEDOT:PSS,
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate).
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These findings were partially confirmed by Chen et al. [27], who modeled a P3BHT:PCBM-based
inverted device both optically and electrically. They concluded that if one considers only the optical
aspects of the structure (i.e., the field distribution inside the active layer), the inverted structure
should be better performing than the standard one for the major part of the considered active layer
thicknesses. The standard device should, on the contrary, perform better when the active layer
thickness is just the ideal one for constructive interference inside the film between the incoming
radiation and the reflected one from the top metal electrode. Concerning the electrical aspects, the
electrical behavior of the device was modeled as a function of the charge drift length, L, a parameter
that accounts for the charge lifetime and mobility, being defined as the maximum length that a charge
carrier can drift within its lifetime before any possible recombination. The value of L influences
the electromagnetic field distribution and the optical modulation inside the active layer for each
thickness. They showed that the inverted structure is better than the standard one, only if the active

layer thickness is comparable with L, while the standard geometry performs better if the active layer
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thickness is greater than L. This is due to the fact that L induces an “effective area” inside the active
layer where the absorbed photons are efficiently transformed into charge carriers, while photons
absorbed outside this area are mainly lost, not contributing to the photocurrent. Since the position of
this effective area depends on the different charge transport properties peculiar to the active material,
the optical field modulation inside the device together with the position of the effective area determine
the performance differences between standard and inverted geometry.

This prediction, however, was slightly in contrast with the results of Aziz, Li and
coworkers [28], who showed a remarkable difference between standard and inverted devices,
especially when analyzing the short circuit current density, J... In both devices, the J. increased with
increasing the thickness of the active layer, but in their case, the Jg. in the standard device started to
decrease for an active layer thicker than 300 nm, while the Jg. in the inverted one remained constant.
They explained their results with a reduced recombination mechanism in the inverted structure
(coherently with the conclusions of Ameri et al. [22]) and a reduction of the series resistance in
the inverted device. This apparent contrast could be, however, explained with the differences in the
device structure considering the nature, properties and thicknesses of all the constituent layers, which
strongly influence the optical and electrical properties [27].

Even if those reports were based on a P3BHT:PCBM active layer, many other research groups
reported improved performances of the inverted structure compared to the standard analogue when
other active materials were used. For instance, Ma et al. reported a boost in performances for an
inverted device based on a blend of PBDT-12/PyT2 [23].

Overall, from both the optical and electrical analyses given by those reports, it appears clear that
the inverted structure has many advantages with respect to the standard one, at least when thin layers
are used, which is actually the standard in realizing organic-based optoelectronic devices. Given the
general behavior of the devices, in the next sections, a description of the most recent results for the

electrode interfaces is given.

3. ETLs and HTLs: Recent Developments

In both the standard and inverted devices, the active material plays the same role, that is, in short,
to absorb photons and to convert them into free charge carriers (the influence of optical and electrical
parameters on this process has been briefly sketched in the previous section). In order to achieve
good performances, however, it is mandatory that a BHJ comprises both an HTL and an ETL.

A list of requirements that a good ETL, as well as a good HTL should fulfill (among which are
transparency, good electrical properties and chemical stability) is given in a recent review on the
synthesis methods of metal oxides by Litzov and Brabec [29]; although that review focuses on metal
oxides only, the general list applies to every material to be used as the electron or hole-transport layer
in a BHJ ISC. Here, a summary on the most recent results about different class of materials for the
realization of the various ETLs and HTLs in BHJ ISCs is given.
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3.1. Bottom Electrode: Electron Collection

The main requirements for the bottom electrode are a good electron transport property and, when
the light is collected through it, transparency to the solar radiation. This limits the choice to a few
materials, among which are the well-known and widely-used ZnO and TiOy [29] (which have also
a good electronic level matching with the LUMOs of most of the polymers used in PV), other less
used materials, like Cs;COj3 [30], and new polymeric materials, like poly(2-(dimethylamino)ethyl
methacrylate) (PDMAEMA) [31] and PFEN-Hg [32]. The various realization methods of transparent
metal oxides have been described in great detail in a very recent review [29]. In the present
work, the attention will be focused on the effects of the ETL and HTL layer properties on the

device performances.
3.1.1. ZnO

Very thin layers of ZnO are easily realized by means of several deposition techniques, like
sol-gel [33], spray-coating [34] and nanoparticle (NP) deposition [35]. Most of the time, the
as-deposited film needs a process of annealing usually at high temperatures in order to optimize
the crystalline structure [36], but also, low annealing temperature processes have been recently
reported [35,37,38].

Considering the P3BHT:PCBM-based devices just as a prototypical PV system, the overall reported
power conversion efficiency using ZnO as the ETL spans from about 2% to about 4% [29,35,39]. This
quite wide range is due to the differences in several factors, including the chosen HTL, the parameters
involved in the active blend preparation and optimization and the properties of the ZnO ETL layer.
In this section, the attention will be focused on the possible influences of the ETL layer on the device
performances with various active layers.

One of the most important parameters that determines the overall performances of the device is
the morphology (and consequently, the roughness) of the ZnO layer. Despite the several methods
developed to deposit a thin ZnO layer on substrates, there is no ‘“elective” method to obtain the
optimal morphology; each method can afford the best results, once all the deposition parameters have
been optimized. Yu et al. [40] showed that the power conversion efficiency of a P3HT:PCBM-based
ISC was increased from 2.08% to 2.88% by increasing the surface roughness of the ZnO layer.
Since the ZnO film realized by the sol-gel technique is affected by three processes during the
annealing [41] (solvent evaporation, zinc acetate decomposition and crystallization), they changed
the surface roughness of the layer by simply varying the annealing rate of the as-deposited (by sol-gel)
ZnO layer, namely a slow annealing rate of 9 °C/min and a fast one of 56 °C/min up to 300 °C. They
found both an increase in Js. and in FF for the slowly annealed sample. The boost in the J,. was
explained by the enhanced light absorption, due to the rougher ZnO surface, which should provide
an efficient light trapping mechanism: once being scattered by the ZnO layer, the light is reflected
back by the upper Ag electrode in multiple directions, thus increasing the path length inside the active
layer. The higher FF was explained considering the better crystallization of the ZnO, due to the slow

annealing rate, which resulted in a more effective electron extraction and hole blocking (it is known
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that FF is strongly related to the charge extraction efficiency at the interfaces [42]). Dhibi et al. [43]
reported the same conclusions in a PCDTBT:PC70BM-based ISC: the absorption of the blend cast
onto the ITO/ZnO (sol-gel) substrate was higher than that of the one cast onto the bare ITO substrate.
This effect was ascribed both to the light scattering mechanism, as well as to the larger surface area
between the ZnO and the active blend. However, they noted that a too pronounced roughness of the
sol-gel-derived ZnO films could be, on the other hand, detrimental to the overall device performance
when a very thin active layer is needed (that is the case of the PCDTBT:PC70BM blend), due to the
rising-up of a high contact resistance and a large leakage current [44]. Moreover, they demonstrated
that also the annealing temperature is a key factor in order to determine the morphology of the
layer: they annealed the ZnO films at three different temperatures, namely 130 °C, 150 °C and
200 °C, and characterized them by photoluminescence and Raman measurements, showing that the
150 °C annealed film was affected by better crystallization, which could enhance the electron
extraction and mobility, as well as suppress the leakage current into the device. Vijila and
coworkers [45] showed that the annealing temperature greatly affects the overall crystalline
morphology of the ZnO layer. They demonstrated that a ZnO film annealed at 240 °C was
characterized by a higher crystallinity compared to a similar layer, but annealed at 160 °C. The
device incorporating the 240 °C annealed ZnO layer performed better (with a 40% higher PCE) than
the device realized with the 160 °C annealed ZnO layer. They explained these results, observing that
the ZnO layer annealed at 240 °C was characterized by a lower trap depth, thus reflecting in higher
charge mobility and better ohmic contact and, consequently, higher J.. and V..

These results indicate that both the annealing temperature and the annealing rate should be
taken into account in order to optimize both the crystalline structure and the surface roughness of
sol-gel-derived ZnO films, looking for a trade-off between increased light scattering by the surface
roughness (thus enhancing the active layer absorption, and, hence, the J., and increasing the FF,
due to the higher interface contact and charge extraction efficiency) and the crystal structure (better
charge transport).

A further interesting contribution on this topic is the work by Hu ef al. [46], showing that the
ZnO morphology can also depend on the layer thickness. They realized ZnO layers by the metal
organic chemical vapor deposition (MOCVD) technique, finding that the ZnO layer thickness did
not influence the energy level alignment at the interfaces, but it had a strong impact on the crystal
structure and, hence, on the electrical properties. In particular, with the increase of the thickness,
the morphology of the ZnO layer changed from a pure smooth sphere-like structure for a thickness
of <100 nm to a rough pyramid-like structure starting from 100 nm and above. They indirectly
confirmed the above picture of the need for a trade-off between roughness and crystal structure; in
fact, they showed that initially, an increase of the ZnO layer thickness, and hence, of the surface
roughness, was beneficial for ISC performances (with PCE increasing from 1.60% for 40 nm of ZnO
to 2.93% for 80 nm ZnO), while the PCE started to decrease for the thicker ZnO layer (ISCs were
based on the P3HT:PCBM active layer).

It is noteworthy that the above results are commonly characterized by the use of no annealing or a
relative low post deposition annealing temperature in order to obtain a good overall film morphology.
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This is quite different from the most commonly used high temperature post deposition annealing
process; for example, Park ef al. [47] used a temperature of 450 °C for annealing a sol-gel-derived
ZnO layer to be used as the ETL in a P3BHT:PCBM- and a P3HT:PCBM:polyoxyethylene tridecyl
ether (PTE)-based device; they demonstrated by XRD that the so-annealed film showed two strong
crystalline peaks at 30.3 °(100) and 34.3 °(002). .

Nanostructured ZnO layers also appear to be promising as efficient ETL in ISC. Simple
Zn0O nanoparticles (NPs) are easily deposited onto substrates by spin coating [35,48] or slot-die
coating [49]: Alstrup et al. [49] realized layers of ZnO starting from an aluminum-doped ZnO NP ink
using a roll-to-roll compatible method, the slot-die coating. Their results showed that a very efficient
ISC can be realized using low-cost techniques that are feasible for large area device realization,
once each layer deposition’s parameter has been optimized. Regarding the ZnO layer, they also
showed that the overall PCE of the final device is correlated with the thickness of the ZnO layer itself.
Ibrahem et al. [35] prepared thin layers of ZnO NPs using a simple method that avoids the use of
any surfactants in order to stabilize the ZnO particles in solutions, simply dispersing ZnO powder
in pure ethylene glycol followed by high energy ball milling at room temperature in a batch-type
grinder. They showed that the ZnO particle size decreased with the increasing of the grinding time
down to an average particle diameter of 25 nm. The NPs, after grinding, were stable in solution
without any precipitation, obtaining very uniform and thin films upon spin coating and final device
PCEs over 3.5%. Our group realized all polymer ISC using a thin layer (about 80 nm) of ZnO on
fluorine-doped tin oxide (FTO) by simply spin coating a commercial (Sigma Aldrich, St. Louis, MO,
USA) aqueous dispersion of ZnO NPs with an average diameter less than 100 nm [50], without any
post deposition annealing process. The layer morphology resulted in a very uniform sphere-like
texture (see Figure 4) without any cracking or pinholes, with an average surface roughness of
4.53 nm. Thus, it is demonstrated that ZnO NP dispersion in water or common organic solvents
can be a convenient and roll-to-roll compatible method for obtaining good ZnO ETLs for efficient
inverted solar cells.

Figure 4. 1 ym x 1 pum atomic force microscopy image of ZnO film on a
fluorine-doped tin oxide (FTO) substrate by spin coating from a ZnO nanoparticle (NP)
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More complex structures have also been reported, like vertically aligned, one-dimensional
nanostructures [51] and bi-dimensional nanowalls [52]. The latter, in particular, should theoretically
perform better than one-dimensional structures, since it provides a higher contact surface between
the ZnO and the active layer (Figure 5). Liang et al. [52], however, showed that when compared with
Zn0 nanorods, the NWs structure does not perform clearly better. They tried to explain their results,
observing that the overall growth condition and, hence, the surface chemistry of the two structures are
different, thus implying a possible different mechanism of charge recombination and charge transfer
through the surface. Nevertheless, their report is quite recent, and there is no systematic optimization
of the ZnO NW layer parameters, such as the thickness, etching process and interface modification,
in order to improve and promote the diffusion of the active blend inside the nanostructures, thus
leaving a large amount of room for future improvement. Electrospun ZnO nanowires (NWs) were
incorporated by Vijila ef al. [53] in a sol-gel-derived ZnO layer to be used as the ETL in ISCs.
With the NW plantation, the overall device performance was increased compared to a control device
without NW. This was due to a higher FF (both lower series resistance and higher shunt resistance),
as well as a beneficial effect on the active layer phase separation morphology (which was reflected in
a higher carrier lifetime and a reduced charge recombination).

A proper doping of the ZnO layer [54,55] is another possible route to improve the charge
collection efficiency and to reduce the charge recombination, due to charge trapping by defects
or oxygen ions [29]. Hu et al., in the already cited work [46], reported an improved overall
performance of an ISC when the intrinsic ZnO (i-ZnO) was doped with boron during the MOCVD
process, in particular showing that the J. increased up to 11.31 mA cm~2 when the diborane flow
rate was kept at 3 sccm. They explained the results considering a better charge collection at the
electrodes (the average resistivity of the ZnO layer decreased from 4.04 x 10° 2/sq of the i-ZnO to
2.46 x 10° Q/sq of the best boron-doped ZnO). Alstrup et al. [49] doped ZnO with Al in order
to improve the conductivity and quality of the ZnO film deposited by the slot-die coating method.
Lithium fluoride (LiF) has been used for a long time as an ultra-thin layer underlying the top
Al electrode in standard configuration bulk heterojunction solar cells, since it improves device
performances [56] and device stability [57]. Chang et al. [58], on the contrary, used it for doping
a sol-gel-derived ZnO ETL to be used in ISCs based on a P3BHT:PCBM active blend, demonstrating
an improvement of the overall PCE of the device from 2.9% to 3.3%. Optimized LiF-doped ZnO
showed a very high electron mobility up to 11.2 cm?V~!s~!. They concluded that Li atoms occupy
interstitial sites, producing electrons, which results in higher electron mobility. At the same time,
F atoms occupied in substitutional oxygen sites reduce the oxygen vacancies in the structure and
lower the absorption in the visible region. Their conclusions are indeed supported by the fact that the
better performance of the device is correlated with an increase in the Jg, all the other cell parameters
being almost unchanged.
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Figure 5. SEM images of (A) the ZnO seed layer, (B) the as-grown dense ZnO rods,
(C) the etched ZnO nanowalls and the (D) cross-section of the nanowalls. Reprinted

with permission from [52].
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Finally, Du et al. [59] showed that UV irradiation of a sol-gel-derived ZnO layer used as the
ETL in PBDTTT-C:PC;;BM-based ISC improved the device performance, due to the increase of the
layer conductivity following the reduction of hole traps on ZnO. This is clearly reflected in the higher
FF related to a decrease of the device series resistance. The drawback of UV irradiation consisted,
however, in a gradual degradation of the polymeric active blend; so, they concluded that, practically, a
trade-off between the early stage advantage of UV irradiation and long-term disadvantage due to
polymer degradation should be considered in ISCs comprising a ZnO ETL.

Despite the several techniques and the different processes used to date for optimizing ZnO
properties, it appears that the final device performance does not depend as much on the technique
used for realizing the ZnO layer, but rather on the inner properties of the layer itself, such as the
roughness and crystalline structure, both almost independent of the particular deposition method,

once optimized.
3.1.2. TiO

Although porous crystalline TiO, is the standard charge transport layer used in the so-called
dye-sensitized solar cell (Gritzel cell) [60], it is, on the contrary, not well suited as the ETL in BHJ
ISCs, due to the difficult and tricky deposition of a uniform and homogeneous layer on standard
ITO substrates [61,62]. Nevertheless, it has been used by Peng et al. [63] in ISCs, showing, in
particular, that the overall power conversion efficiency of the device strongly depends on the TiO,
crystalline structure. When the film is characterized by a well-defined morphology (the homogeneity
of nanoparticle shapes and distribution) and a maximum crystal size of about 50 nm, the interface
between the TiO, and the active material is characterized by an optimal morphology and interaction,
thus favoring both exciton dissociation and charge separation, with improved FF (which means less

charge recombination and improved charge transport through the inorganic layer).
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However, amorphous TiO, (x < 2) is as good as crystalline TiO, as the ETL, once
optimized [64]. Moreover, it is as good as ZnO as the ETL in ISCs, since it is characterized
by high electron mobility and high transparency in the visible range [65]. Hadipour et al. [66]
showed that it is possible to realize a TiO, ETL layer at room temperature from solution without
any post deposition annealing process. They demonstrated that such a layer was as good as calcium
in extracting electrons from a bulk heterojunction device, confirming that TiO, possesses the right
energy level to act efficiently as the ETL in combination with several active blends. Finally, they
demonstrated that the properties of the deposited TiO, remain the same when the deposition process
occurs both in air and in a glove box, which is important for the possible implementation of their
deposition process into roll-to-roll manufacturing.

Inverted devices that utilize amorphous or crystalline TiO, (usually deposited by the
sol-gel method [29]) are characterized by the same range of efficiencies seen in the case of
the ZnO [29,66,67].

The performances of devices incorporating an amorphous TiO, layer can be boosted with
proper tuning of the layer’s physical and chemical properties. Choulis and co-workers [68]
demonstrated that the PCE of inverted devices can be improved once an ultra-thin layer of
polyoxyethylene tridecyl ether (PTE) is inserted as the interlayer between the ITO substrate and the
TiOy layer, a mechanism that apparently resembles the improved electron collection in standard
devices when an ultra-thin LiF layer is inserted between the active layer and the top aluminum
electrode. They showed no variation in the V,. between samples with and without the PTE
interlayer, thus suggesting that no recombination or morphological behavior differences should
characterize the devices. An increase in the Ji. was also indicative of reduced leakage current
and series resistance. In order to explain such a result, they take into consideration the possible
variation of the hydrophilicity of the TiO, surface, due to the PTE interlayer underneath. Indeed,
they found that the TiO, layer becomes actually more hydrophilic when coated on top of the
PTE layer, instead of directly on top of the ITO substrate, thus enhancing the vertical phase
separation of the active blend with more of the fullerene phase (relatively more hydrophilic than
P3HT [69]) on the bottom and, hence, the electron transport and collection [26,70]. Their results
demonstrate how it is possible to clearly improve the PCE of ISCs simply by adding a suitable
interlayer on top of the ITO electrode.

They also demonstrated that, even when processed in air, the TiO, layer can be unaffected by
the so-called “light-soaking effect” [71,72]. This is an unusual “s-shaped” current-voltage curve,
translating into an extremely low FF, due to the properties of the ITO/TiO, interface [73], which
sometimes arises for air-processed layers. This effect, however, can be suppressed once the TiO,
layer 1s exposed to UV light, as shown by Kim er al. [73]. They proposed a possible mechanism
that is responsible for this process: the work function of the TiOy slightly changes upon UV
irradiation, due to the increase of its charge carrier (electrons) density following the suppression
of O, traps (adsorbed by TiO, during realization processes in air), filled with the holes generated
by the absorption of the UV radiation. This change in the work function (increased electron density)

induces a rearrangement of the Fermi level at the interface (the decreased energy barrier between
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ITO and TiO,, see Figure 6) in a direction favorable to a boost in charge transport and collection,
resulting in a strong decrease of the series resistance of the device and improved Jg.. This mechanism

has been exploited to explain also the same findings upon UV irradiation of ZnO layers [59].

Figure 6. The energy diagram of the indium tin oxide (ITO)/TiOy interface before (a)
and after (b) UV irradiation. Reprinted with permission from [73].
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Another elegant way to improve the charge transport and collection and to reduce the charge
recombination is by enhancing the vertical phase separation by realizing self-assembled fullerene
monolayers (SAM) on top of the TiO, film [67,74]. Although this seems to be a very good strategy,
it is necessary to be careful in the choice of the SAMs: in fact, the deposited layer must resist the
subsequent active layer deposition process from solution, which means that the layer should not
present at the end of the process localized defects due to the desorption of molecules [75]. Hsu
and coworkers [67] joined together the concepts of self-assembling structures and cross-linking,
which were separately exploited previously [76-79], in order to overcome the cited drawback of
SAMs, synthesizing a new fullerene-derivative, namely the bis(2-(trichlorosilyl)propyl)malonate
C60 (TSMC). This new compound was able to both cross-link and self-assemble on top of the TiO,
layer, without the need for annealing or UV irradiation. The modified TiO, layer was used in ISCs
based on both PCg; BM and PC7; BM, showing a clear improvement of the device parameters, which
was explained also by an enhanced vertical phase separation of the active blend by the SAM. Their
approach seems to be quite interesting in the framework of facile and practical processes for mass
production. Quite in parallel, Kim and coworkers [74] synthesized another fullerene derivative able to
generate fullerene-based self-assembled monolayers (FSAMs) onto TiO, to be used as ETL in ISCs,
namely bis-4-(2-ethylhexyloxy)-[6,6]-phenyl C61 butyric acid (bis-p-EHO-PCBA). They showed
that the bis-FSAM was responsible for the sensible reduction of the series resistance compared to
that of the TiO, layer alone, with an increase both in Ji. and FF in polymer:fullerene-based ISC.
This confirms the better wetting properties with the organic active layer (responsible, at the end, for
the better device performances) when the TiO, layer is covered with fullerene-based SAMs.
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3.1.3. CSQCOg

The use of Cs2CO3 as the ETL is more recent: in 2004, a report from the Canon group [80]
described its use in organic light emitting diodes. In 2006, Yang et al. [30] showed that such a
material could be conveniently used as the ETL in BHJ ISCs: a P3BHT:PCBM-based ISC exhibited a
good PCE of 2.25% using Cs,CO3 in combination with V5035 as the HTL. The interesting result they
showed lies in the fact that all the device parameters remained almost unchanged when the Cs;CO3
layer was realized by thermal evaporation or by spin coating from solution. They proved that the
ETL provided an ohmic contact favorable to the device performance. Liao et al. [81] showed that the
work function of Cs;CO3 can be tuned by annealing the layer at relatively low temperatures up to
200 °C. This shift in the work function is mainly dependent on the intrinsic properties of the
layer more than on some chemical reaction with the underlying ITO layer. They also showed a
direct correlation between the annealing temperature and both the device PCE and the Cs,COg3
surface contact angle, indicating a transition of the ETL from a more hydrophilic-type to a more
hydrophobic-type layer, which is beneficial for the subsequent good deposition of the active polymer
blend. They explained this work function shift by analyzing the results of XPS experiment,
concluding that upon annealing, the Cs,CO3 decomposes into Cs,O oxide doped with CsyOs,
thus lowering the WF, with a better matching with the acceptor LUMO and, consequently, the
interface resistance.

Xin et al. [82] reported on the effect of UV-ozone treatment of CsoCO3 layers on the general
performance of BHJ ISCs. They showed that the V,. monotonously decreased with increasing
UV-ozone treatment time, while the J.. showed first an increase and then a decrease. The best device
performance they obtained was thus attributed to the enhancement of carrier transport and collection
by the CsyCO3 layer [83,84]. However, while the effects of UV treatment on ZnO or TiOx layers
have been widely studied, the precise mechanism underlying the UV-ozone treatment on the CsoCO3
layer is still unclear.

Other really interesting and recent results were reported by Barbot and coworkers [83]: they
exploited the good ETL properties of both Cs;CO3 and fullerenes, realizing a Cs,CO3-doped C60
ETL interlayer. In a previous work, they found that the electrical conductivity of undoped C60 was
improved by eight orders of magnitude upon doping with Csy,COj5 for a molar ratio of 1:0.35 [85].
Indeed, they showed that the best BHJ ISC based on a P3BHT:PCBM active blend was exactly the
one that incorporated an ETL with such a molar concentration ratio, with an increase of V,. and a
decrease of the series resistance.

Finally, Liu et al. [86] addressed one drawback of the Cs,COg, that is its poor hole blocking
ability. By incorporating graphene quantum dots (GQDs) into the CsoCOs3, they were able to
improve the PCE of a BHJ ISC based on P3HT:PCBM from 2.57% for a reference device with
a CsyCO3 ETL only to 3.17% for a device with a GQDs-Cs,CO3 ETL. Furthermore, in this
case, the better performance was correlated with a better match between the involved energy
levels of the ETL and the PCBM, due to a shift of the ETL work function upon incorporation

of the GQDs. This minimizes the energy losses at the interface almost without affecting the
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overall light absorption in the active blend. Moreover, they proposed that an additional exciton
dissociation channel could occur at the P3HT/GQD-Cs;COg interface, facilitating the charge
separation. However this could also mean that using such an ETL would affect the vertical phase
separation in the active blend, with a non-negligible P3HT phase content on the bottom side of
the device that could enhance the charge recombination; this is actually a point that would need to
be addressed.

3.1.4. NbyOs5

NbyOj5 has been used as the ETL in ISCs [87]. A drawback of this metal oxide is that the energy
level of its conduction band (about 3.7 eV [88]) is higher than the LUMO level of PCBM (about
3.8 eV [89)); thus, it should not perform as well as ETL in fullerene-based devices. Nevertheless,
Cao et al. [87] showed that a PCE comparable to that obtained on a similar device, but incorporating a
T'iOs layer as the ETL, is achievable (2.7% compared to 2.8%). They explained this counterintuitive
effect with an efficient tunneling process from the PCBM LUMO to the Nb,O; conduction band.
Especially when using this metal oxide, great care should be taken in obtaining the optimal layer
thickness: a non-optimized layer thickness can even reduce the device PCE close to 0% [87].

3.1.5. Novel Alternatives

Although some of the previous materials dominate the field of electron transport layers in inverted
bulk heterojunction solar cells, the surfaces of metal oxides possess hydroxyl groups that are the cause
of possible charge trapping [24]. Thus, new materials and concepts have been recently developed as
promising alternatives. In particular, towards the development of an all-organic device, the use of
polymeric material as ETLs seems to be quite interesting. Huang and coworkers [32] synthesized
an amino-functionalized conjugated metallopolymer, namely PFEN-Hg, to be used as an efficient
electron transport layer in inverted polymer solar cells. Their polymer was characterized by most
of the requirements of an ETL, which are orthogonal solvent processability, transparency to visible
light, good electron transport and hole blocking properties, good morphology and effective ITO work
function tuning. With the incorporation of such an ETL, they were able to reach about 9% PCE on
an ISC based on PTB7:PC-BM as the active material.

Vijila and coworkers [31] used as the ETL in a P3BHT:PCBM-based ISC a solution processable
cationic biopolymer, poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA). They compared
the device performance with that of a reference device using a standard ZnO ETL layer, finding
comparable PCE for a fresh device and a better stability of the polymeric ETL after eight weeks,
with a PCE greater than that of the reference device.

Fang et al. [90] developed an ETL based on the hybrid material,
CdS/2,9-dimethyl-4,7-diphenyl-1,10- phenanthroline (CdS-BCP), which also fulfills most of the
cited requirements for good ETLs. They exploited it in PTB7:PC7; BM- or P3HT:PCg,BM-based
ISCs, showing an improvement in PCE compared to single CdS or BCP-based devices, with

improved stability over time.
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Jeon and coworkers [91] took advantage of the good electron transport properties of carbon
nanotubes (CNTs) by improving their charge selectivity, coating them with an ultra-thin TiO, layer
deposited by atomic layer deposition. The TiO, coating, due to its good hole-blocking properties,
prevents the recombination of holes and electrons at the metallic part of the CNTs during the charge
transport-collection process. This results in a final PCE improvement of about 30% compared to
the bare CNTs-based ETL. Although being interesting results, the effectiveness of the TiO-coated
CNTs strongly depends on the quality (homogeneity and thickness) of the coating, which, if not
optimized, can lead to a large amount of leakage current, due to the coating defects.

Kohlstadt et al. [92] demonstrated good PCE in ITO-free PTB7:PC7;BM-based ISC when a
metal-metal oxide multilayer is used as the electrode/ETL. They realized by DC magnetron sputtering
a sequence of 25 nm of Al-doped ZnO (AZO), 9 nm of silver and, again, 20 nm of AZO. With such a
sequential structure, they demonstrated a PCE of 6.1%, almost comparable with the PCE of a standard
geometry device with an ITO/PEDOT:PSS substrate (which was reported to be 6.9%). They pointed
out that the possible drawback of such a multilayered structure is an unfavorable field distribution
inside the active layer and a lower absorption, issues that still need to be addressed.

Oo et al. [93] described a very good ETL, namely a zinc tin oxide (ZTO) layer used on top of FTO
in P3BHT:PCBM-based ISCs. They explained the better performance of the device incorporating the
ZTO layer considering the reduced recombination at the interface, the improved electron transport
and the hole blocking properties of the ZTO compared to standard ETL.

3.1.6. ETL: Conclusions

As a brief and overall general conclusion on this section, it appears quite clear that optimized
(and possibly doped) ZnO and TiOx represent, to date, the best bet for realizing well performing
BHJ ISCs, based on the reported averaged PCE of devices and on their fulfillment of most of the
points in the “decalogue” established by Litzov and Brabec [29]. Cs,COs, despite its excellent
electron transport properties, suffers from poor hole blocking properties [86], while Nb,O5 possesses
a probably unfavorable energy level diagram to be used generically as the ETL with systems that are
not based on PCBM. The other novel alternatives seem really interesting and promising, especially
the polymeric ETLs to be fully exploited in the framework of an all-polymer device realized by
the roll-to-roll technique, but the results are too recent in order to be reasonably able to infer some
general conclusion over the near future.

3.2. Top Electrode: Hole Collection

In BHJ ISCs, the top metal electrode is usually either gold or silver, due to their intrinsic stability
in air. However, Ag is the most suitable top electrode, since its slow oxidation shifts its work
function from about 4.3 eV to about 5 eV [94], favoring hole extraction. It has no absorption in
the visible range contrary to the evaporated Au layer (slight absorption in the visible) and a higher
reflectivity [95]. In fact, Chen et al. [96] showed that, ceteris paribus, a device with an Ag top metal
electrode performed better compared to Au or Al. This is also due to the better matching of the WF of
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Au (5.1 eV [97]) and the oxidized Ag (around 5.0 eV [94]) with the HOMO levels of the commonly
used polymer donors, compared to Al (4.28 eV [97]).

Anyway, in order to obtain good performances from an ISC, the introduction of an HTL layer
between the organic active layer and the top metal electrode is mandatory; otherwise, the device
would show very poor performance or even no operation at all [98]. To date, the most commonly
used HTLs in BHJ ISCs are polymers, like PEDOT:PSS, or metal oxides, like MoOj3, V505,
WO3, NiO.

3.2.1. PEDOT:PSS

PEDOT:PSS is the most widely used HTL in standard geometry BHJ solar cells, due to its
high work function (matching the HOMO level of commonly used donor polymers well), high
transparency in the visible range (higher than 80%), good electrical conductivity and the ability to
reduce the ITO surface roughness [99], while increasing its work function. However, PEDOT:PSS
is highly hydrophilic; thus, bad film morphology and worse electrical properties have been observed
when deposited as the HTL onto the hydrophobic organic layers in inverted devices [100,101].
Nevertheless, it is widely used in BHJ ISCs despite this evident drawback. In order to address
the wettability problem on hydrophobic surfaces, several strategies have been reported. First
of all, the hydrophilic nature of PEDOT:PSS can be reduced by adding proper additives to the
polymer dispersion, like isopropyl alcohol [102], or surfactants, like Zonyl FS-300 [103] and Triton
X-100 [104], as well as surfactant mixtures [68]. Moon et al. [105] added two amphiphilic
surfactants, namely Sulfynol 104 EG or PA (dissolved in ethylene glycol or isopropyl alcohol
respectively), showing a clear improvement of the PEDOT:PSS layer morphology. This was reflected
in an improved P3HT:PCBM-based device performance of about 60% compared to a reference
device incorporating the PEDOT:PSS layer without surfactants. The improvement was mainly due
to a higher Js. and a higher FF. Indeed, they showed that upon adding the surfactant, the contact
angle between the PEDOT:PSS and the underlying organic layer was decreased from 104° to about
53°. This means a clearly better film forming property, resulting in higher shunt resistance (less
charge recombination at the electrode) and a lower series resistance (better charge extraction). They
explained the better wettability of the additive-added PEDOT:PSS on the organic layer, observing
that the used surfactants consist of a hydrophobic alkyl backbone and a hydrophilic hydroxyl
group; thus, a van der Waals-type interaction between the hydrophobic alkyl backbone and the
hydrophobic P3BHT:PCBM surface occurs, making the organic layer hydrophilic with subsequent
good PEDOT:PSS film forming properties on top. Ho and coworkers [106] proposed a novel
fluorosurfactants to be used as a substitute to the Zonyl FS-300, since the latter usually needs to be
used together with isopropyl alcohol in order to get the best results. The proposed Capstone Dupont
FS-31 can be used alone as an additive to the PEDOT:PSS, giving very good results in terms of
overall device performance when a relative concentration of about 5% is used. They also showed that
the additive concentration in the PEDOT:PSS dispersion greatly affects the final film forming, thus
reflecting in better or worse device performances. A concentration below 4% results in a non-uniform

layer, due to the still low wettability onto the organic layer. On the contrary, if the concentration
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is too high (above 8%), the presence of excess surfactant reduces the charge conduction pathway
through the PEDOT molecules, thus resulting in poor charge collection. Moreover, they showed
that the surfactant also promotes a phase segregation between PEDOT and PSS, thus resulting in a
well-formed PEDOT conduction pathway, while favoring a good physical contact with the underlying
organic layer.

Another strategy to improve the PEDOT:PSS adhesion onto the organic layer is to exploit
different deposition techniques rather than spin coating. Gupta and coworkers [107] obtained efficient
P3HT:PCBM-based inverted OSCs by realizing the top PEDOT:PSS contact by stamp-transfer
lamination. They showed that this process does not induce significant losses on the open circuit
voltage, nor does it increase the overall resistance of the devices.

However, despite the progresses towards a better adhesion of PEDOT:PSS on top of organic
layers, the acidic/hygroscopic nature of the compound is still detrimental for the top-side metal
electrode. Indeed, Kim and coworkers clearly showed [108] that PEDOT:PSS is able to promote the
corrosion and degradation of a thin layer of Ag as typically used in ISCs. They demonstrated that the
hygroscopic nature of PEDOT:PSS promotes a very fast absorption of ambient water inside the layer.
This absorbed water becomes corrosive, due to the acidic nature of the PEDOT:PSS, thus slowly
corroding the silver layer, first promoting grain boundary grooves, then leading to grain segregation,
forming separated particles. They, however, observed that such a process could be slow in a real
device configuration and processing, although in the long term, it would cause strong degradation of
the performances.

Even if, to date, PEDOT:PSS is still the most used HTL in inverted BHJ PSCs [29], in order to
avoid all these drawbacks, in several works, PEDOT:PSS has been replaced by other efficient HTLs,

like the following ones.
3.2.2. MoOg

A thin HTL of molybdenum trioxide (MoQ3) greatly improves the performance of both inverted
and conventional OLEDs [109-111]. Early in 2008, Chen and coworkers [96] showed that MoOg
increased the overall efficiency of a BHJ ISC based on both a P3BHT:PCBM active layer and a
nanocrystalline TiO, ETL. They reported that the V. of the device changed only slightly when
the top metal electrode was varied from Ag to Au to Al, while the optimal HTL thickness depends
on the chosen metal. In particular, with Al as top electrode, an higher thickness of the evaporated
MoOs layer is required in order to obtain the same performances of devices using Ag or Au. This was
attributed to the chemical reaction between Al and MoOj3 during the evaporation process, forming a
MoQO, species, due to the reduction of MoO3.

The dependence of the overall efficiency of devices on the MoOj thickness has been also
detailed by Zheng et al. [112] and by Wantz and coworkers [113]. Zheng et al. showed that the
PIFTBTS:PC7; BM-based device parameters remained almost unchanged when the thickness of the
MoOj layer was in the range of 10-20 nm, while a drop in both V.. and FF occurred when the
thickness was decreased to 5 nm. They correlated such a behavior with the shunt and the series

resistance, observing that a decrease of the thickness of the MoO3 layer was followed by both an
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increase of the series resistance and a decrease of the shunt resistance. Moreover, increasing the
thickness, the V. changed from 1.00 V to 1.04 V, and the FF varied between 41.9% and 50%. Wantz
et al. showed that the overall performance of a P3HT:PCBM-based device was only slightly affected
by a variation of the MoQOj thickness from 6 nm to 22 nm. Interestingly, they also demonstrated
how the post-processing thermal treatment on the device, usually employed to improve the device
performance [114], is, on the contrary, detrimental in BHJ ISCs when MoQj; is used as the HTL. In
fact, they observed that after 10 min at 170 °C, the cohesion between the MoO3 layer and the silver
electrode was lost, and the layer itself evolved into an alloy of silver and molybdenum oxide, with
a diffusion of silver ions and oxygen inside the active layer. The thinner the MoOj layer, the faster
and even worse was this process. It should then be concluded that an inverted BHJ incorporating an
MoOj layer should not undergo a thermal treatment after the completion of the device. However,
since in the case of P3BHT:PCBM, the annealing process promotes the vertical phase separation in a
way favorable to the inverted device working principle [115], such an annealing process should be
performed prior to the deposition of both the HTL and the top metal electrode. Moreover, providing
that the post-processing annealing treatment is avoided for the completed device, Gupta and
coworkers [116] showed that MoOg acts as a barrier to the diffusion of metal ions and oxygen
inside the active layer, thus preventing fast device degradation. The role of the environment on the
effects of the thermal treatment of thin layers of MoO3 was studied by Vijila and coworkers [117].
When the complete device incorporating the MoO3 layer as the HTL is annealed in vacuum, the
overall stability and performance are higher compared to a similar device annealed in a nitrogen
atmosphere. The difference in the PCE was increased upon aging, with the vacuum annealed
device retaining 80% of its initial PCE value after 30 days compared to the 50% of the device
annealed in nitrogen atmosphere. They explained this behavior observing that the metal oxide layer
annealed in vacuum is characterized by an oxygen deficient structure that is the origin of an enhanced
hole-conducting properties.

Jiang et al. [118] demonstrated that an interesting way to improve and tune the electrical and
the optical properties of a MoOj layer can be by realizing a composite film with Au. They showed
that a MoOg3-Au (30%) layer is characterized by very good electrical and optical parameters. They
exploited this layer as the HTL in a conventional geometry solar cell, in substitution of PEDOT:PSS.
Although there is no report on the use of such a modified MoOjs layer in inverted devices, one can
speculate that such a layer could be conveniently exploited also in this type of solar cell.

3.2.3. WO;3

As shown earlier by Dong et al. [97], the high work function of WO3 (—4.8 eV) greatly enhances
the hole transport and collection at the WO3/Ag interface. They showed that the optimum thickness
for WOj3 in a P3BHT:PCBM-based device is in the range between five and 10 nm. Lower values
would results in poor coverage of the film, while higher values would increase the series resistance,
thus lowering the overall device performance. They also showed that the V. of the devices were
substantially unaffected by the choice of the top metal electrode (Au, Ag or Al). Kwon et al. [119]

compared the performances of MoO3 and WO3 inverted devices based on several active layers. They
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showed that in all cases, the device incorporating a WO3 HTL layer (5 nm optimum thickness)
performed slightly better than those with a MoO3 HTL layer (10 nm optimum thickness). They
explained this better behavior of the WO3 layer with: (1) a better film surface morphology (a reduced
average roughness measured by atomic force microscopy); (2) a better measured conductivity; and
(3) better electron blocking and hole transport properties, due to the higher energy barrier between
the donor LUMO and the HTL conduction band and the better matching between the donor HOMO
level and valence band of the HTL.

Brabec et al. [120] demonstrated that a low temperature (80 °C) solution-processed nanoparticle
WO3; HTL was able to perform as well as PEDOT:PSS in a standard geometry device and to give
very good performances on an inverted architecture. The solution was alcohol-based and free of
any surfactant, and the realized HTL does not need any oxygen-plasma treatment, which is usually
required to remove the dispersing agent in the original NP dispersion [121] and to improve its HTL
properties. They concluded that the low temperature solution-processed WO3 layer can be easily and
conveniently exploited in flexible solar cell production processes.

3.24. V205 and NiO

Even if V505 has been used as the HTL in inverted devices,-its high toxicity [119] makes
it not very suitable for easy and low cost device processing in ambient conditions. Moreover
Riedl er al. [121] showed that care should be taken when realizing the V,0O5 HTL by the sol-gel
process. They compared the performance of P3BHT:PCBM-based devices with evaporated V,0O; HTL
or sol-gel-processed V5,05 HTL, observing that the 10 nm-thick layer of the sol-gel-processed V05
sensibly affects the working device, depending on the initial solution concentration and spin coating
speed. In particular, a low concentration of the precursor solution (1:150) spin coated at slow speed
formed a film that affected the device positively, showing parameters comparable to those obtained
with an evaporated V5,05 layer. On the contrary, a film with the same thickness, but obtained from
a higher concentrated precursor solution (1:70), spin coated at a higher speed, greatly lowered the
overall performance of the device. They excluded that such a strange behavior could be attributed
to some effect of the solvent onto the active layer, while showing through XPS measurements that
the higher concentrated precursor solution leads to a deep penetration of vanadium inside the active
layer, up to more than 100 nm. This penetration of the precursor into the active layer (that was
by far less evident in the case of the evaporated V,0s5) could damage the P3HT chains and/or lead
to the quenching of excitons in the donor phase. This penetration was also indirectly confirmed
by Dauskardt and coworkers [115] when comparing the roll-to-roll-processed inverted BHJ PSC
incorporating both PEDOT:PSS or V,O5 HTLs.

NiO has been also used as a good HTL in BHJ ISC. NiO possesses a valence band and
a conduction band at —5.0 eV and —1.7 eV, respectively, thus acting as a good HTL and
a good electron blocking layer in combination with a P3HT:PCBM, as shown by Chen and
coworkers [122]. The optimal HTL thickness in their case was under 2 nm, above which the
device performance starts to decrease. They attributed this behavior to the intrinsic electronic

properties of the NiO layer that was deposited in a high vacuum by thermal evaporation, thus
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affecting the oxygen concentration in the realized layer. A thin layer was also deposited
from solution by Lee et al. [123], by simply dissolving NiO powder into various solvents
(the best was found to be isopropyl alcohol) and spin coating it onto the P3HT:PCBM active
layer. Upon optimization of the active layer thickness, they were able to obtain about 3% PCE,
comparable with a reference device incorporating as the HTL a thin layer of PEDOT:PSS. The
solution processable NiO layer could be compatible with roll-to-roll manufacturing in air.

3.2.5. Novel Alternatives

A solution processable mixture of V5,05 and MoO3 was exploited by Huang and coworkers [124]
as an efficient HTL in a P3BHT:PCBM-based inverted solar cell. They showed that the mixed layer
causes a significant improvement of the device parameters compared to control devices with V5,05
or WO3 HTL alone. They explained these results with the efficient hole transport, due to the well
matched donor HOMO-valence band of V,05 and, concomitantly, to the electron extraction from
the top silver electrode through the conduction band of the WO3. This complementary mechanism
positively affects the overall device PCE.

Solution-processable triindoles, namely triazatruxene (TAT) and N-trimethyltriindole (TMTTI),
with tailored HOMO and LUMO levels, in order to be used as the HTL in inverted devices, were
presented by Ma et al. [125]. They showed an improvement in the J,. and in the overall PCE of a
P3HT:PCBM-based inverted device when a thin layer of TAT was spin coated onto the active layer.

Furthermore, graphene oxide has been exploited as the HTL in BHJ PSCs by Dai and
coworker [126]. Indeed, graphene is a bidimensional carbon structure that possesses excellent
electronic and mechanical properties [127]. Through the neutralization of the -COOH groups of the
graphene oxide with Csy,CQOg, they were able to tune the electronic properties of the material, giving
both excellent ETL or HTL properties. They exploited these interesting characteristics, showing very
good device performances in P3BHT:PCBM-based devices with a PCE exceeding 3%.

A 4.4% PCE on a P3HT:PCBM device was achieved by

Chen et al. [128] by developing a self-assembled HTL strategy. They
synthesized a novel fluoroalkyl side-chain diblock copolymer, namely
the poly(3-hexylthiophene)-block-poly[3-(4-(3,3.,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyloxy)

phenyl)-decyloxy)thiophene] (P3HT-b-P3FAT), in which, upon spin coating, the fluorinated moiety
spontaneously undergoes a segregation on top of the P3HT phase, due to the low surface energy of
the fluoroalkyl chains, forming a self-assembled HTL. Exploiting this mechanism and controlling
the block ratio into the copolymer, they were able to greatly improve the hole collection and, thus,
the overall efficiency of the device.

3.2.6. HTLs: Conclusions

Averaging the general results, it should be concluded that the best HTL for BHJ ISCs should
be a thin layer of either MoO3 or WO3, due to their intrinsic good electrical and optical properties,

their ability to prevent oxygen and metal ion diffusion into the active layer and the almost unchanged
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device parameters upon slight variation of their optimum thickness. On the contrary, PEDOT:PSS
has to be avoided, due to its evident drawbacks, as mentioned. Dauskardt and coworkers [115]
demonstrated how the poor adhesion of PEDOT:PSS onto the active layer results in a general loss of
device performance in a roll-to-roll processed device, due to the thermomechanical stress that every
“real-life” device would undergo.

However, it appears clear (see, for example, the comparison between MoO3 and WO3 above)
that the key factor in choosing the best HTL is the trade-off between the electrical/morphological
properties and the energetics involved at the interfaces in the particular device. This means that for
each particular donor-acceptor system, the matching between the HOMO and LUMO levels of the
organic phases and the valence band and the conduction band of the HTL should be optimum. Not
only the HOMO level of the donor should match with the valence band of the HTL, but also the
latter should have a conduction band far from the active layers” LUMO level, otherwise resulting in
an enhanced charge recombination and poor electron blocking behavior [112]. Finally, when dealing
with metal-oxides, it should be also considered (in the proper choosing of the best HTL for the
particular system) that the work function of those materials strongly depends on the concentration of
defects [129], with a decrease of the WF if oxygen is removed from the material, and an increase in
the WF is observed with oxygen addition. Interestingly, Xie and Choy [130] developed a synthesis
route for developing low-temperature solution-processed MoO3 or VoO5; HTL with the ability to
control the oxygen vacancies, thus, in the end, controlling the final WF.

Finally, one key motivation in selecting the proper HTL should be the compatibility of its
deposition process with standard roll-to-roll or printing techniques for the realization of complete
devices in ambient conditions, without the need for vacuum processes, like thermal evaporation.
Thus, the choice should come down to solution processable HTLs, which is no longer a limitation,
since solution-processed WO3; and MoO3; HTLs have been exploited both in conventional and
inverted devices, showing good overall performances [120,131-134]. Furthermore, the very
interesting polymeric novel alternatives cited above could be promising.

4. Device Stability: A Brief Comment

Considering the environmental stability in the working condition of a BHJ ISC as the key
parameter, which is the best ETL and HTL choice? Actually it is not possible, to date, to give
a precise answer. A detailed discussion on this issue is far beyond the scope of this paper: in
one sentence, the stability of BHJ ISCs is still a matter of debate [29]. For example, it is not
clear how and to what extent the particular process used for preparing metal oxide layers can
affect the final device stability [135], nor which is the particular “best” device structure [136].
One comprehensive study on the stability of several ETL/HTL combinations has recently been
performed by Voroshazi and coworkers [137]. They demonstrated that ZnO- and TiO-based
devices were comparably stable in air for over 1000 h, while the analyzed organic ETLs were
clearly affected by a lower stability over time. On the HTL side, they surprisingly showed that
a PEDOT:PSS-based device was more stable than a MoOg3-based device. However, Vijila and
coworkers [117] demonstrated that the annealing condition of a MoO3-based device can greatly
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affect the final device stability. They demonstrated that a vacuum annealed device was characterized
by a 10% increased stability compared to a device annealed in a nitrogen atmosphere, as discussed
in the previous section. Furthermore, Sun et al. [38] showed that a device incorporating a thin layer
of MoQOg as the HTL retained 70% of its initial PCE after 30 days.

Finally, some recent reports on lifecycle analysis (LCA) and energy payback time (EPT) have
been published by several groups [138—140]. From the reported results, it can be concluded that it
is quite difficult to assess a precise standard, to date, in order to definitively compare different kinds
of devices, materials and procedures. Even the same devices are characterized by some variation in
their working parameters when measured by different laboratories [136]. A definition of a precise
standard in this field should be particularly important to evaluate how much the (sometimes low)
increase in the PCE obtained with a particular process/optimization of the ETLs and/or the HTLs is
convenient from an economical point of view (considering the energy and time consumption needed

for the layer realization/optimization).

5. General Conclusions

As a general conclusion, the BHJ ISC appears to be a very promising device structure to
be exploited in the mass production of organic solar cells. Aside from the development and
optimization of novel active materials, like novel acceptors or low band-gap polymer donors, the
correct optimization and choice of the HTL together with the ETL play a fundamental role in order
to get the best performance from a device. Many parameters, however, need to be traded off, as has
been described. In particular, a necessary trade-off between better HTL and ETL electrical properties
and overall device optical properties must be accomplished. Moreover, the right HTL, as well as the
right ETL must be chosen, taking into account the energy level structure of the particular active
blend used. The ideal optimum is the matching between the donor HOMO and the valence band
of the HTL and between the acceptor LUMO and the conduction band of the ETL, together with a
proper position of the HTL conduction band and the ETL valence band, in order to provide, at the
same time, a good electron blocking or hole blocking behavior, respectively. The same features are
also relevant in the case of polymeric or organic HTLs and ETLs (in this case, the matching should
be between the HOMO and LUMO levels of the active layer and the HOMO and LUMO levels of
the other layers).

As has been pointed out in the previous sections, the ETL and HTL performances can be affected
by the realization parameters. Good control and knowledge of all these parameters should be
necessary in order to get the maximum performance from a given system.

As a final remark;, it is important to stress that novel polymeric alternatives could come in handy
for bypassing the depicted criticality typical of the most used metal oxides, being also intrinsically

compatible with low-cost device manufacturing processes.
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Section VI: Bio-Organic Electronics
Chapter 13

Bio-Organic Electronics—QOverview and Prospects for
the Future

Susan Miihl and Beatrice Beyer

Abstract: In recent years, both biodegradable and bio-based electronics have attracted increasing
interest, but are also controversially discussed at the same time. Yet, it is not clear whether they will
contribute to science and technology or whether they will disappear without major impact. The
present review will address several aspects while showing the potential opportunities of bio-organic
electronics. An overview about the complex terminology of this emerging field is given and test
methods are presented which are used to evaluate the biodegradable properties. It will be shown that
the majority of components of organic electronics can be substituted by biodegradable or bio-based
materials. Moreover, application scenarios are presented where bio-organic materials have advantages
compared to conventional ones. A variety of publications are highlighted which encompass typical
organic devices like organic light emitting diodes, organic solar cells and organic thin film transistors
as well as applications in the field of medicine or agriculture.

Reprinted from Electronics. Cite as: Miihl, S.; Beyer, B. Bio-Organic Electronics—Overview and
Prospects for the Future. Electronics 2014, 3, 444-461.

1. Introduction

Until the 1930s, plastics were almost exclusively fabricated from regrowing resources [1]. Only
since the end of the Second World War have raw material sources of non-renewable fossil materials,
such as petroleum and natural gas, been generally used. However, within the last 20 years, efforts have
continuously increased to enhance the share of bio-based materials in the world of plastics.

Along with the objective to improve the properties of products and to reduce the production cost
of materials, the general discussion about greenhouse gases, difficulties in waste management, e.g.,
the Great Pacific garbage patch in the ocean, and the awareness about the limitation of fossil fuels
have contributed considerably to the revived interest and increasing implementation of bio-plastics.

The following paper presents a comprehensive overview of bio-organic electronics and their
potential to enable easy waste disposal. At first, essential terms are defined and correlated with
standards while summarizing various testing procedures to assess the hazardous risk of potentially
biodegradable electronics with regard to the environment.

The principle structure of typical organic electronics is discussed with regard to their separate
components. Most progress has so far been achieved in respect to the polymer carrier substrate,
which will surely foster further innovation in this novel field. Besides, impressive achievements have
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also been demonstrated for the charge carrier transporting organic semiconductors itself. Hence,
semi or fully biodegradable devices will be presented and their performance is discussed in more
detail. Finally, an outlook to the future market is given.

2. Policies and Guidelines
2.1. Definitions and Standards

In recent years, the syllable “bio” has become a powerful attribute to attract public attention
for designated “green” processes. “Bio” is generally used in a broad context which often complicates
communication between experts and beginners in this interesting field. Thus, in the following
paragraph the use of these common terms shall be clarified in context to this paper.

Products are considered as bio-based when they are made of materials derived from living
(or once living) organisms. Often they are denoted as biomaterials—but this term is also widely used
for any interaction between biological and non-biological systems. Bio-based materials are often
biodegradable with a few exceptions (mainly composites where the degradable compound is
combined with non-degradable materials). The term biodegradability, however, is a more precisely
certified performance characteristic. According to EN 13432, compounds are biodegradable if a
share of more than 90% converts to H2O, CO2 and biomass under defined temperature, humidity,
and oxygen conditions within 180 days in the presence of microorganisms or fungi. However,
biodegradable plastics are not inevitably made of bio-based, renewable materials. There are several
examples where fossil resources are used, and a closer look into the production volume of
biodegradable materials depending on their raw material origins (Figure 1) shows that the share of
both types is nearly equal. Thus, the property of biodegradability is only linked to the chemical
structure and not in any way related to its origin. In nature, the biodegradation occurs either aerobically
or anaerobically. In the latter process, the material is converted without oxygen to methane, CO2, H20,
energy, and biomass [2]. In the presence of oxygen (aerobic), methane is not formed.

Figure 1. Global market of bio-based/non-biodegradable (green) and biodegradable
(grey) plastics in 2012 with a total volume of 1.4 million tons [3].
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Depending on the molecular weight of the compound, biodegradation begins with chain cleavage
by enzymes (e.g., lipases and esterases) released by microorganisms. This mainly occurs on the
surface of the biodegradable compound since the enzymes are too large to diffuse into the bulk
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material. After the cleavage, these fragments can be absorbed by the cells of the microorganisms.
During that metabolism process, the cells can gain energy from this mineralization process [2,4].

Along with the European standard 13432, there is a variety of other standards all over the
globe available (ISO 17088, ASTM D 6400 in North America, GreenPla in Japan). The ISO 17088,
EN 13432 and ASTM D 6400 define the requirements concerning packaging and choice of materials
being considered as “biodegradable” in industrial composting facilities. If a material passes the tests
necessary to achieve this status, additional tests might be necessary to get the final product registration
according to ISO 17088. After this procedure has been applied, it ensures that nonconforming,
potentially toxic additives, colors and package goods are not used, and the products are allowed
to have labels as depicted in Figure 2. The requirements of these standards are very strict, which is
emphasized by the fact that freshly green leaves or wooden branches as thick as fingers would fail
in these tests. Thus, polymeric materials only pass this test when they are sufficiently thin to
quickly decompose.

Figure 2. Selection of logos which indicate the biodegradability of products, e.g., as used
in Belgium (a), North America (b), Finland (c¢), Japan (d), Catalonia (e), Germany (f),
and Italy (g).
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2.2. Environmental Impact and Biotoxicity

Sustainable development and economics is one of the greatest challenges mankind has to face
in the 21st century [5]. We have to rethink the character and design of our technologies, products
and how they are produced. This has to result in changes to marketing patterns, distribution, usage
and recycling.

The recycling of discarded products could be a way to save materials and energy. However,
a basic requirement of recycling is the collection of the used products. Most (mobile) consumer
electronics are small and the majority of people will rather throw them into the waste than collecting
and bringing them back to collection facilities [6]. This behavior will show a negative impact
particularly in countries with inadequate waste regulations. Thus, the development of non-toxic,
biodegradable electronics would be a step forward to diminish the problem.

In order to prevent any negative impact of organic chemicals which are supposed to be introduced
into the environment, it is necessary and important to duly assess the environmental and toxicological
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safety of these materials. Typically, the material itself as well as its potentially resistant residues
(after biodegradation) has to be characterized [4]. Important test procedures comprise the “water-soluble
intermediates-Daphnia test” and the “plant growth test”. The former one is of great importance
because water-soluble intermediates may enter the groundwater and are easily absorbed afterwards
by other organisms. The test has to be carried out in accordance to DIN 38412 where 10 water fleas
are exposed to different concentrations of the designated pollutant at 20 °C and pH 7.0. In addition, a
control stock solution is prepared where the testing material degrades enzymatically. After 24 h, the
remaining number of swimming water fleas is evaluated. With this relation of concentration and
living fleas, the toxicity can be evaluated.

The plant growth test studies the eco-toxicity of materials and is described in EN 13431, annex E.
There, the seedling growth behavior of four plant types (wheat, summer barley, mustard, and mung
bean) is investigated both with treated and control soil. Subsequently, the harvest yield is correlated
with the different soil mixtures. After these tests have been passed successfully, further experimentation
involving higher organisms such as earth worm, rabbits, guinea pig and rats will follow.

According to the chemical structure of classic organic semiconductors, the water solubility will be
very low for the majority of this material class due to their extended n-system and the lack of highly
polar functional groups. At the same time, there are plenty of aromatic compounds, structurally very
similar to organic semiconductors, which are classified as toxic. Thus, it is mandatory to carefully
investigate the hazardous impact of each designated “biodegradable” compound.

3. Components

Along with organic semiconductors, organic electronics comprise various other components
like carrier substrates, electrodes, dielectrics, adhesives, and the organic semiconductor itself. Here,
the term “organic” is considered according to the chemical definition, thus being mainly composed
of hydrogen and carbon. Depending on their use, organic semiconductors are often sensitive against
water and moisture and show an increasing number of defect sites over the operational lifetime.
Therefore, the organic layers are protected with an encapsulation material (could be the same as
the carrier substrate) and an adhesive as shown in Figure 3. It is often recommended that both
the adhesive as well as the encapsulation material have to feature a water vapor transmission rate
(WVTR) smaller than 107 g/(m? day) [7]. The controversial requirements of being insensitive
against water or oxygen and biodegradable at the same time are very challenging. Thus, for appropriate
discussion, each component is described separately.

Depending on the device functionality, the organic device stack is composed of a certain material
layer sequence which can result in organic light emitting diodes (OLEDs), organic solar cells (OSCs)
or organic thin film transistors (OTFTs). Organic device stacks of these three types are represented
in Figure 3.

The layer structures of OLEDs and OSCs are very similar. In the common bottom structure where
a transparent anode on a transparent substrate is used, the device fabrication may start with
deposition of the electrode on the substrate material. A barrier free charge carrier transport from the
anode to the hole transport layer (HTL) is ensured by limiting the difference of the highest occupied
molecular orbitals (HOMOs) of the single materials to less than 0.3 eV for the interfaces [8]. Similar
requirements exist between HTL and the functional layer, i.e., absorption layer (AL) for OSCs and
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emission layer (EL) for OLEDs. In both cases, it is necessary to prevent the electrons from entering
the HTL and, vice versa, the holes from entering the ETL. This can be realized by implementing
materials with favorable energy levels providing transport barriers that block either electrons or
holes. On the electron transporting side from AL to ETL, the lowest unoccupied molecular orbitals
(LUMOs) of the single materials are used and have to align with the work function of the cathode.

Figure 3. Schematic illustration of (a) the cross section of an organic device consisting
of an organic device stack deposited on a substrate, encapsulated with a barrier material
that is fixed with an adhesive (Adh). The composition of the organic device stack defines
the properties of an OSC (b), an OLED (¢), or an OTFT (d).
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The value of the charge carrier mobility of organic semiconductors has to be high for all organic
electronic devices; however, achieving a sufficiently high value is even more important when
used in OTFTs. Usually, for organic semiconductors, the hole mobility is larger than the electron
mobility. Hence, depending on the electrode polarization, holes are accumulated on the
semiconductor/dielectric interface after a voltage is applied between gate and source. Due to the voltage
between drain and source, the majority of charge carriers are able to move along the interface.

3.1. Substrate Materials

One of the most decisive properties of organic electronics to successfully enter the future market
is their inherent flexibility due to the weak intermolecular forces of organic semiconductors. Along
with the ductility allowing new application scenarios, also the possibility to use potentially low cost
roll-to-roll processes will enable use of the application in consumer electronics. By defining the
mechanical properties and providing certain barrier properties, the substrates highly influence the
device lifetime. Conventionally, plastic substrates such as polyethylene terephthalate (PET),
polyethylene naphthalate (PEN), polycarbonate (PC), and polyimide (PI) have been widely used.
However, decomposition for all these polymer foils may take 30-450 years [9], thus causing a
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serious waste problem in some areas of the world. In addition, their production costs are highly
dependent on the oil price.

Therefore, new biodegradable, bio-based, flexible and transparent substrates have attracted
considerable attention. Depending on their composition, they may derive from earth-abundant
renewable materials or still rely on fossil resources. Figures 4 and 5 schematically illustrate the variety
of biodegradable plastics.

Figure 4. Schematic representation of the diversity of degradable materials.
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For example, starch is transformed into glucose, which is further used as fermentation feedstock
for monomers, e.g., lactic acid for poly lactic acid (PLA) or polyhydroxy alkanoates (PHA)
production. Other feedstocks for fermentative monomer production are sucrose, glycerol, or plant
oil. Intensive work has been carried out to access cellulose raw materials not only for bioethanol
production, but also for different chemical intermediates and monomers such as lactic and succinic
acid. Whereas the materials 1-7 are derived from these renewable resources, the compounds 8-11
originate (partly) from fossil fuels. Aliphatic polyesters (9, 10) are the first completely fossil-based
polymers which are biodegradable at the same time. Structures such as polybutylene
adipate-co-terephthalate (PBAT) (8) represent a mixture of both natural and synthetic origin. The
only existing biodegradable polymer with an all-carbon backbone is polyvinyl alcohol (PVA). The
main substrate type that has successfully been integrated in organic electronic technology in recent
years is cellulose in its various modifications [10-13]. Although the initial roughness of these
substrate types is initially challenging, the roughness level could be lowered either by adjusted
fabrication parameters or by additional (bio)coatings. Another biodegradable and well investigated
polymer for substrate use is poly lactic acid [14]. For further detailed information about this material
class, the authors recommend the excellent overview about biodegradable polymers given by

Breulmann and co-workers [15].
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Figure 5. Established biodegradable polymers potentially usable as carrier substrates.
Starch originating from potatoes or corn consist of the branched amylopectin (1) and
linear amylose (2). Cellulose (3) is structurally similar, but differs from the bonding
type between the glucose monomers. Polyhydroxy alkanoates (PHA) (4) and
polylactic acid (PLA) (5) may derive from various sugars, fatty acids or starch.
Other typical representatives are polyhydroxybutyrate-co-valerate (PHBV) (6) and
polyhydroxybutyrate-co-hexanoate (PHBH) (7). Polybutylene adipate-co-terephthalate
(PBAT) (8) is a polymer with aromatic fragments. Polyesters are represented by
polycaprolactone (PCL) (9), and polybutylene succinate (PBS) (10). Polyvinyl alcohol
(PVA) (11) has a rather simple structure compared to the aforementioned structures.
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3.2. Adhesives

1"

The development of biodegradable adhesives is a very critical issue for achieving biodegradable
electronic products. A biodegradable material which is resistant against water appears to be mutually
preclusive (exception e.g., shellac). In the subsequent paragraphs, examples are presented which
are mainly dedicated for packaging purposes and thus have less distinctive barrier requirements than
devices targeted for long term applications like displays—hence, the impermeability against water is
usually not evaluated.

In 1996, a biodegradable, polymerizable adhesive consisting of diacrylate with mono- or
disaccharide residues was described [16], while later in 2002 an eco-friendly adhesive based on soy
protein was developed [17]. In the latter example, additives such as copper naphthenate, o-phenyl
phenol or copper-8-quinolate are inserted to improve the moisture stability. An interesting report
shows how a biodegradable gecko-inspired tissue adhesive is developed while being resistant to
water treatment for a sufficiently long time [18]. Another work combines human serum albumin and
organic acid-based crosslinkers with active ester groups, creating solid-liquid type adhesives without
the presence of any organic solvents [19].

A water-based conductive adhesive for electrical interconnects and printed circuits was published
by Yang and co-workers [20]. This environmentally harmless, but not biodegradable, adhesive based
on polyether diol was stable for 1440 h at 85 °C and a relative humidity of 85% and can potentially be
used for flexible consumer electronics.
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Bettinger et al. determined biodegradable adhesives for organic electronics and asserted that
they should be highly crystalline, highly hydrophobic and easy to process while maintaining
performance under high-salinity environments and at elevated temperatures. Poly-L-lactide turned
out to be a promising candidate because it can repel water (and vapour) for several months [21].

While these examples show that a variety of biodegradable adhesives are available and easily
accessible, information about their barrier properties and potential applications in organic electronics
is still missing.

3.3. Organic Semiconductors

A requisite of organic semiconductors is the existence of a m-conjugated carbon backbone allowing
the delocalization of electrons. Along with the delocalization of electrons, also the absorptivity of
these molecules increases with the extension of the m-conjugation. Thus, a great variety of natural
dyes are existing that can also be considered as organic semiconductors. Such material classes comprise
polyenes (like the carotenes), quinones, anthraquinones, indole, pyran and oligopyrrol colorants as
well as pteridines, isoquinolines and phenoxazine. Most of them comprise several aromatic structures
and functional groups such as hydroxyl-, amine-, imine, or even halide groups. Thus, in order to
explore the usage of organic compounds that are both semiconducting and biodegradable, scientists
were focusing on these natural dye structures and their derivatives. The most commonly used so far
are presented in Figure 6.

Figure 6. Chemical structures of biodegradable or biocompatible organic semiconductors
(12-19) and dielectric materials (20, 21).

The natural compound melanin has extensively been studied as semiconducting biomaterial.
Usually, this compound exhibits low charge carrier mobilities and thus, melanin would not be suitable
for electronic devices due to its highly disordered chemical structure [21]. However, evidences have
been shown that contradict this hypothesis [22]. Mostert et al. has found that free charge carriers
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from comproportionation reactions are produced by water absorption. Therefore, melanin is a
chemical self-doping polymer and can, in fact, be used for bioelectronics applications.

Furthermore, the focus has turned towards carotenoids as applicable semiconducting materials.
The most widely reported examples of these small-molecule polyenes are bixin and -carotene (12).
The suitability of biodegradable materials for their utilization in organic electronics, in particular
organic thin film transistors, is explored by Irmia-Vladu and his co-workers [21,23-26]. The
semiconductors are used as gate-controlled charge transport material between the source and drain
electrodes [23]. Additionally, natural chlorophyll, hemin, phenazine, terpenoid molecules and indigo
(13a) are listed as natural p- and n-type semiconductors, whereas nature inspired materials such
as indanthrene yellow G, brilliant orange RF, epindolidione (14), perylene diimide (15) and
naphthalene diimide are described as biocompatible. These synthetic organic semiconductors have
higher field effect mobilities (4 x 107*-1.5 cm? V !-s7!) than the natural organic semiconductors
(~10* cm? V!-s71), are suitable for vacuum processing, highly stable and barely toxic.

In 2011, Glowacki et al. evaluated dyes from the material classes acridones, anthraquinones,
carotenoids, and indigoids [27] and also determined the charge carrier mobilities in the range of
~10* cm? V!'-s! when applied in OTFTs. Ambipolar indigoids and quindacridones showed the
most promising semiconductor properties due to their long-range order, crystallinity and highly
dielectric characteristics. For comparison, the electrical properties are given in Table 1.

Table 1. Overview of electrical properties of natural semiconductors comprising the
energy levels (HOMO, LUMO), the band gab E determined by cyclic voltammetry (CV)
or by optical measurements, the charge carrier mobility for holes (un) and electrons (e)
as well as the dielectric constant & [27].

HOMO LUMO E;CV E,Optical

Material V) V) V) V) 1 (cm?/VS) &
Indigo (13a) -5.5 -3.8 1.7 1.7 He=1x102 u=1x1072 43
Tyrian Purple (13b) -5.8 —4.0 1.8 1.9 pe=0.3[28], un=0.2 6.2
Cibalackrot (16) -5.6 =35 2.1 2.0 He=9.3x107, 1, =53x10" 4.8
Quinacridone (17) —5.4 -2.9 2.5 2.0 un=0.1 5.2
Vat Yellow 1 (18) —6.3 -3.6 2.7 2.3 He=4.2x 1072 3.8
Vat Orange 3 (19) —6.2 -3.8 24 2.1 He=28.8x107" 3.8
B-carotene (12) —5.84 —3.54 NA 2.3 w=4x10"* 2.5

Along with great electrical properties, thin films of indigo dyes show strong absorption bands
(450-730 nm) and are thus highly interesting for other optoelectrical applications like organic solar
cells. The thermal and photochemical stability, the low band gap of 1.7-1.8 eV (as tyrian purple 13b)
and high planarity of the molecules are of great advantage for indigo and its derivatives.

While natural organic semiconductors have been evaluated for device fabrication, the classic
n-type material fullerene Ceo has been investigated with regard to its toxic nature. For this purpose,
Ceo nanowhiskers have been exposed to macrophage cells and metabolized on average 6 um long and
660 nm wide (in diameter) Ceso nanowhiskers. No toxic effects on mammalian cells have been
observed [29]. A good overview about toxicity aspects of Ceo is given by Partha and Conyers, in
particular regarding the importance of functionalized fullerenes and its dose dependency [30].
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Neither in vitro studies on supramolecular structures nor in vivo studies on normal “cell” morphology
or viability have revealed any toxicity which is in contradiction to listed references [30]. Hence, the
toxicity of Ceo remains under debate.

Additionally, it is noteworthy that the indanthrene dyes biodegrade slowly compared to natural
compounds [23], however, perylene diimide and epindolidione show little toxicity, thus, they will
not be assigned as “biodegradable” [24,25].

3.4. Electrode Materials

Compared to the components described before, the replacement of conventional electrodes
appears to be rather challenging since metals can hardly be metabolized.

The degradation of biocompatible porous silicon nanowire barcodes was shown by Chiappini and
co-workers in 2010 [31]. When exposing the barcodes to phosphate buffered saline solution at 20 °C,
a complete degradation within 24 h is observed, while the exposure to oxygen plasma resulted in
oxidation within 72 h. It has been concluded that the surface influences the degradation rate.

The conductivity of the biological conductor melanin highly depends on its hydration level.
Proton conductivity is the mechanism which is responsible for the charge transport. It can be used
as thin film for biomedical applications. Synthetic conducting polymers such as polyaniline,
polypyrrole, and polythiophene can be used as organic electrode as well, but little is known
concerning their biodegradability. Only for PEDOT:PSS does data exist suggesting it is not toxic to
living tissue [32].

A good overview about degradable, biocompatible metals for medical applications is, in
particular, provided by Hendra Hermawan [33]. The main focus has centred on magnesium- and
iron-based alloys. For these examples, the metals degrade in a special physiological environment that
is comparable to the human body. The degradation behaviour of Mg, Fe, Mn, and Pd alloys is
presented and electrical resistivities ranging from 0.044 Q-mm?/m (Mg) to 0.43 Q-mm?*/m (Mn)
have been determined.

A comparable article is published by Cheng ef al. [34]. The suitability of Fe, Mn, Mg, Zn, and W
for clinical biomedical applications has been tested and cytotoxic properties have been isolated for
manganese and zinc.

3.5. Dielectric Materials

The main function of dielectric materials is to prevent electrical current flow which is needed
to insulate different electrical connections. The main requirements for their use in OTFTs are low
dielectric losses and leakage currents as well as high breakdown strengths [23,24,26].

Apart from shellac [35], natural dielectrics originating from two material classes have been
investigated in 2010. The first group comprises sugar-based small molecules such as fructose or
lactose which can be wet-processed from water and/or dimethyl sulfoxide. The second group consisted
of various nucleobases like adenine, guanine, cytosine and thymine. Their dielectric properties fulfil
the requirements for the use in OTFTs. Nucleobases such as adenine (20) and guanine (21) can easily
be purified and evaporated as thin films (up to 2.5 nm) which enable DNA-like sequences [23,24,26].
Moreover, DNA which has been functionalized by a cationic surfactant reaction became soluble in
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polar solvents and allowed wet coated thin films. Thus, it can easily be applied as electron blocking
layers (EBLs) in OLEDs or as gate dielectrics in OTFTs [23,24,32]. In addition to these materials,
polyvinyl acetate which can be cross linked by UV exposure, has been used as gate dielectric, too [21].
Advanced n-type organic transistors and light emitting transistors have successfully been built up by
using natural silk fibroin, whose degradation lifetime may range from weeks to years [36]. The easily
obtainable and inexpensive natural compound chicken albumin is utilized as gate dielectric in OFETs,
too [37]. The spin-coated and thermally treated, unmodified material generates high quality thin
films for devices with excellent performance. Furthermore, organic thin film transistors implemented
in complementary inverters have been presented utilizing spin-coated natural cellulose as high k gate
dielectric [38]. The inverters have shown good performance including an excellent switching
behavior. Finally, Khor and Chung gave a good overview about the use of different natural materials as
dielectrics and discussed the structural and electrical behavior of screen printed, commercially
purchased aloe vera gel [39]. In particular, the dependence on the drying temperature, duration and
thickness of the thin film on glass substrate is studied.

4. Applications and Markets
4.1. Consumer Organic Electronics

In the field of electronics, bio-based materials receive increasing interest because they show
potential for having a positive impact on the environment. Already, years ago, IBM investigated
bio-based materials like lignin as laminate and demonstrated their potential to save resources [40].
High-tech companies like Samsung and Apple are already using biodegradable components in their
electronics as covers for their products such as the Samsung Galaxy S3 or the iPhone 4/4S/5.
In addition, a variety of examples have been published where organic electronics have been applied
on biodegradable substrates. Zhu and co-workers have used both nanopaper and regenerated
cellulose films (RCF) for organic electronics. Both types consist of cellulose nanofibres and differ
only in their orientation. As a result of the better scattering properties, an appropriate handling
temperature and similar roughness compared to classic PET, green OLEDs have been successfully
demonstrated on such substrates [41]. Another work showed that even the deposition of indium tin
oxide (ITO) on bacterial cellulose by r.f. sputtering is possible. The resulting OLED device achieved
25% of the reference device performance produced on conventional glass [11]. Although ITO has to
be replaced on the long-term time scale, this report shows that common thin film technology can also
be applied on biodegradable substrate types with slight adaption of the processing parameters.

Another promising work with bacterial cellulose as carrier substrate demonstrated the proof of
concept of developing a dynamic display by using simple electric dopants and inks [12]. With
regard to energy storage devices, the conductivity of conventional paper has been increased by
depositing carbon nanotubes and silver nanowires [42], whereas cellulose fibers have also been used
to improve the mechanical properties of electronically conductive polymers while retaining very high
conductivities [43]. Large-area organic electronics on unmodified paper have been fabricated by
Barr and co-workers. They have built monolithically integrated OSC on paper with a dimension of
7 x 7 cm? [44]. Although the subcells made on paper achieved lower efficiencies than those
fabricated on glass, still a total voltage of 49 V has been realized (compared to 70 V for the sample on
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glass). The complete decomposition in water has also been shown for OSC on cellulose nanocrystal
substrates, which have achieved efficiency values of 2.7%. However, effects originating from the
metal electrodes or the conventional organic semiconductors have not been addressed [9].

In the field of field effect transistors (FETs), flexible devices have been fabricated with cellulose
paper as dielectric material and achieved results comparable to conventional PET or glass substrates.
Even the application of OTFT on conventional bank notes has been impressively demonstrated [44,45].
With regard to the semiconductor material itself, anthraquinones, perylene bisimides and indigo are
applicable as semiconductors in fully “green” OTFTs [16,35].

According to market prediction, the production of biodegradable plastic will increase fivefold
from 1102 tons (2010) to 5779 tons by 2016 [3]. On the one hand, a greater availability of
biodegradable plastic will increase the research interest in that field resulting in better device
performance; on the other hand, the consumer will most likely request more and more green technology.
However, it is unlikely that biodegradable organic electronics will enter the market of entertainment
electronics where long-term stability is a necessary requirement. The characteristic of biodegradability
will be accompanied by short lifetimes due to sensitivity against water and oxygen. However, in the
field of smart packaging, this is an advantage due to its intention for single use and fast insertion
into the recycling system. At present, the demand for smart packages with sensing and information
technology is already continuously rising, though it is very expensive due to used resources.

4.2. Medicine

The need for a healing support is often temporary in the field of medicine [33]. The
application of fully biodegradable materials will allow a complete degradation after fulfilling its
function which is much better than an additional surgery. Therefore, the use of biodegradable
electronics for medical applications like biomedical implant devices for energy harvesting, medical
diagnosis, sensing, photonic biomedical devices, tissue engineering scaffolds or drug delivery is
highly anticipated [18,19,23,26,31,32,35,46-51]. Benefits for biomedical science, including
biocompatible devices, are predicted because of their ability to align to curved, elastic, and soft surfaces.
Biocompatibility is defined as a sustainable, mutual co-existence of biomaterials and tissues [52].
A comprehensive overview about bio-integrated electronics for medical applications over the last
10 years is given by Koo and co-workers [53].

Biocompatible/biodegradable microelectromechanical systems (MEMS) received growing
interest, in particular for biomimetics, tissue engineering and drug delivery [54]. The biodegradable
MEMS are fabricated by micromolded polycaprolactone with milimetersized reservoirs, which are
filled with water and covered with a gold membrane.

King et al. have explored biodegradable polymers for therapeutic medicine [55]. Three
dimensional monolithic microdevices are bonded from stacked, microstructured PDMS mold.
The resulting microfluidic networks show improved speed, resolution and precision as well as
reproducibility, manufacturability and scalability compared to previous methods. A bacterial cellulose
membrane is used as flexible substrate for OLEDs for potential photodynamic therapy to treat skin
cancer and other skin diseases [11].

Additionally, it has been shown that a combination of organic semiconductors and bioactive
molecules have great potential for clinical applications, especially for bioresorbable temporary medical
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implants [21]. Muskovich and Bettinger focused on the translation of bioelectric communication
between the intra- and inter-cellular environment as well as the important role of material selection
and the subsequent quality of the biotic—abiotic interfaces [56].

4.3. Agriculture/Horticulture

In the field of agriculture and horticulture, bio-plastics are already widely used in the form of
foils, ribbons and planting pots as displayed in Figure 7. Reasons for their use are the adjustable lifetime
and the advantages of fully compostable materials [57]. In order to study the impact of these materials
on soil, degradation dynamics of agricultural films have been examined in more detail by IR
thermography, SEM analysis and mechanical tensile tests [58]. Further application scenarios for
food safety have been discussed such as pesticide and microorganism detection [59].

To the best of the authors’ knowledge, there are no publications about the use of biodegradable
electronics in horticulture or agriculture. One reason could be that electronics have been generally
uncommon in this field. However, the possibility of integrating electronics without negative impact
on the environment can open new opportunities. One approach could comprise sensors for nutrients
or water in soil that change their shape (hydrogels in polymer micro systems) or color (OLED).
Further, the installation of a sensor directly at the plant to measure special surface behavior due to
external influences is conceivable.

Figure 7. Examples of biodegradable materials: (a) plant pot (°Limagrain) and
(b) mulching film (°BASF).

.

5. Conclusions

We have shown the recent progress and great potential of bio-organic electronics for the future
consumer market, medical field and agriculture. A survey performed by Theinsthid and co-workers
showed that businesses are highly interested in “greener” electronics because they expect economic
advantages over their competitors and growth opportunities for their companies, as well as to more
easily satisfy customer requirements and receive new opportunities in new markets [60].

These business interests are accompanied by distinctive market growth of cheap, flexible organic
electronics which is expected to continuously increase, reaching a market share of approximately
12 billion USD by 2020 [61]. These cheap electronics are supposed to enter the huge market of
smart packaging that appears to be the most promising field for biodegradable organic electronics.
In addition, it is not too easy to estimate the market benefits of these bio-based electronics for disease
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detection or clinic therapy which need to be bio-compatible. These requirements will be more easily
achieved if the materials are biodegradable or of bio-based origin.

However, it should be mentioned that there are obstacles before this kind of technology will fulfill
the promise of sustainability and wealth. Although tremendous progress has been made to develop
biodegradable materials, which completely degrade at the domestic compost heap, often the
so-called biodegradable materials used today are still not fully converted in industrial composting
plants and significantly disturb the sensitive waste management system. This has led to
recommendations from various waste disposal associations to exclude biodegradable plastics from
the regular compost bin. In addition, it will remain a matter of discussion if there is a real need for
biodegradable electronics when the waste recovery system of a country is effectively working, and
then to foster the disposable culture among the citizens further. However, the usage of bio-based
materials would bring a different societal value by promoting the development of plastics which
originate from regrowing resources ensuring their wide use also after the petroleum age.

Furthermore, scientific proofs about the designated positive ecologic impact of bio-materials are
still missing. Examples have been reported, where no evidence is seen for any environmental advantage,
by substituting established materials with bio-based and biodegradable ones [32]. Profound life cycle
analysis according to DIN EN ISO 14040 and 14044 are strongly requested by the experts to show
that the utilization of bio-based and/or biodegradable materials will reduce COz-emission as well as
the consumption of scarce resources and that the development of biodegradable products will have
only positive long-term effects.
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