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Abstract: Organic electronics has developed rapidly over the past 40 years. In 1977, a seminal discovery was
reported that showed that a polymer known as polyacetylene could conduct electricity as well as metals could.
This was a groundbreaking discovery that led to a Nobel Prize in Chemistry in 2000. The polymers that are used
in organic electronics have now been widely studied for use in organic solar cells (OSCs), organic field effect
transistors (OFETs), printable electronics, flexible electronics, antistatic coatings, actuators, and more recently
in bioelectronics. In particular, the utility of organic electronics is seen in the commercial success of using
organic electronic materials in organic light-emitting diodes (OLEDs) where OLED displays can be seen in
mobile phones and as flat panel displays. In this paper, we provide a tutorial targeting upper secondary
students describing how these special classes of polymers function, and how they can be synthesized. The
paper further discusses the use of these materials in two applications: organic solar cells and organic light-
emitting diodes. The paper ends with a brief discussion about hands-on activities that can be carried out in the
upper secondary student science classroom.
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Introduction

We currently live in an electronic world where we rely heavily on electronic devices for communication,
national security, and personal health monitoring. With the advent of personalized healthcare and continuous
health monitoring, there is a growing interest in wearable and stretchable electronic devices (Amjadi, Kyung,
Park, & Sitti, 2016; Van Den Brand et al., 2015). While most of the existing technology currently relies on the use
of inorganic materials, organic electronic materials offer an advantage in terms of being more eco-friendly and
more affordable compared to their inorganic counterparts (Phan & Luscombe, 2019). Additionally, due to their
intrinsic flexibility, stretchability, and softness, organic materials have the potential of enabling body-
integrated devices. For example, one could consider using organic electronic materials as artificial skin with
tactile sensitivity (Oh & Bao, 2019). Consumers are using organic electronic devices likely without being aware
of it. For example, Samsung Galaxy cellphones have organic light-emitting diode (OLED)-based displays
(Chen, Lee, Lin, Chen, & Wu, 2018). Furthermore, there are large area flat panel displays that are commercially
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available that are OLED-based. Our goal in this paper is to provide a tutorial targeting upper secondary
(age group 14-18) students describing how these polymers work, how they are made, and how they operate in
solar cells and OLEDs. We end by providing a brief description on hands-on activities.

Background on polymers and semiconducting polymers

The following sections focus on polymers, how semiconducting polymers differ from commodity polymers,
why semiconducting polymers can absorb and emit visible light, and how polymers and semiconducting
polymers differ in their synthetic methods. Polymers are a class of materials that are a little bit like spaghetti.
They consist of long chain molecules known as macromolecules, and if you bring these macromolecules
together, you get a polymer. A single spaghetti strand would be your macromolecule, and the bowl of spaghetti
would be the polymer. Each macromolecule is made by connecting monomer molecules together. You could
imagine stringing together small bits of macaroni to make something that resembles spaghetti. In this analogy,
macaroni would be your monomer molecule. Examples of commonly used polymers include synthetic poly-
mers such as polyethylene — used to make plastic bags, nylon — for making fibers for clothing or parachutes,
and natural polymers including proteins, carbohydrates, and DNA.

Most polymers do not conduct electricity and are colorless. This is because the polymer backbone is
comprised of single bonds (Figure 1a). If however, the polymer backbone is made up of alternating single and
double bonds i.e., be m-conjugated (Figure 1b), the properties of the polymer change completely. The polymer
can now conduct electricity and can absorb or emit visible light.

Discovery of semiconducting polymers

The discovery of the first conducting polymer was accidental (Shirakawa, McDiarmid, & Heeger, 2003) but it
was a profound discovery that led to the Nobel Prize in 2000 for three researchers (Heeger, 2001; MacDiarmid,
2001; Shirakawa, 2001). Polymers, such as polyethylene are synthesized from the monomer ethylene
(Figure 2a), which contains a double bond. In the reaction, the double bond in the monomer is broken to form
two new single bonds to allow the monomers to connect with each other. Hideki Shirakawa, a polymer chemist
in Japan, was exploring the use of this chemistry to polymerize a monomer containing a triple bond. In analogy
to polyethylene synthesis, one of the bonds in the monomer should break to create two new single bonds to
connect the monomers, which would then result in an alternating single bond and double bond polymer
known as polyacetylene (Figure 2b).

Initially, when Shirakawa and his team of researchers tried this polymerization, they would obtain a black
insoluble powder, not unlike brick dust, that they couldn’t do anything with. However, one of the researchers
made a fortuitous mistake of using a thousand times more catalyst than normally is used, and this resulted in a
silvery film, that looks like a metal and behaves like a metal, on the walls of the reaction vessel. Shirakawa and
his collaborators Alan Heeger and Alan MacDiarmid at the University of Pennsylvania worked on this polymer
further and reported the first ever organic polymer that showed levels of conductivity that were similar to that
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Figure 1: (a) Structural formula (left) and shorthand formula (right) of polyethylene; (b) Structural formula (left) and shorthand
formula (right) of polyacetylene. In the shorthand formula, a carbon atom is present when two lines intersect. Hydrogen atoms are
not drawn but are present to complete the four bonds that each carbon atom needs. All other atoms that are connected to carbon
are shown.
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of metals (Shirakawa, Louis, MacDiarmid, Chiang, & Heeger, 1977). While this discovery may seem obvious
now, at that time, to think that something that is only made of carbon and hydrogen could conduct electricity
was unimaginable. This discovery has now led to a whole new area of research known as organic electronics.
Related materials are being used in a wide range of applications including in OLEDs (Thejo Kalyani & Dhoble,
2012) and OSCs (Mazzio & Luscombe, 2015). A wide range of other semiconducting materials have now been
discovered some of which are shown in Figure 3 (Holliday, Li, & Luscombe, 2017; Price, Stuart, Yang, Zhou, &
You, 2011; Zhang et al., 2010; Zhao et al., 2016). While the structures may seem complex, they all have one thing
in common which is that they are all 1-conjugated systems with alternating single and double bonds along the
polymer backbone.

How they work
Bonding in organic molecules

In order to understand why semiconducting polymers have the properties that they do, it is important to
understand how bonding occurs in polymers. Most organic molecules are made up of covalent bonds. Spe-
cifically, let’s take a look at a methane molecule as an example (Figure 4a). Methane consists of one carbon
(C) atom and four hydrogen (H) atoms and has the chemical formula CH,. Carbon is a group 14 element whereas
hydrogen is a group 1 element in the periodic table. This means that a carbon atom has four electrons in its
outer shell and a hydrogen atom has one electron in its outer shell. In order to form a C—H bond, a hydrogen
atom will share its electron with carbon so the covalent bond consists of two electrons. This bond is known as a
single or o-bond. Since carbon has four electrons, it is able to form four bonds with four hydrogen atoms to
create the molecule, CH,."! Let us now consider a molecule such as ethane, C;Hg (Figure 4b). The bonding in
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Figure 3: Examples of n-conjugated polymers. The n-conjugated core is highlighted in red.

1 Do you know that the shape of methane molecule is tetrahedral? This was first proposed by van’t Hoff in 1874. How did he figure it
out? Read more at: http://www.ipcb.ct.cnr.it/gmontaudo/history/DiscoveryTetrahedralCarbon.pdf.
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Figure 4: (a) Covalent bonding in methane (left) shown using Lewis structures and the o-bonded framework (right) shown using
the hybrid orbital model; (b) Covalent bonding in ethane shown using Lewis structures; (c) Covalent bonding in ethylene (left)
shown using Lewis structures, o-bonded framework (middle) shown using the hybrid orbital model, m-bond (right) shown as
molecular orbitals; (d) Covalent bonding in ethyne (left) shown using Lewis structures, o-bonded framework (middle) shown using
hybrid orbital model, two m-bonds (right) shown as molecular orbitals.

ethane is similar to that of methane. However, instead of each carbon atom being bonded to four hydrogen
atoms, each carbon atom is bonded to three hydrogen atoms and one carbon atom. The end result is that each
carbon atom has four bonds and each hydrogen atom has one bond.

The situation begins to change when we now have ethene/ethylene, C,H, (Figure 4c). In this case, a carbon
will still form a single bond with the hydrogen atoms and the other carbon atom. However, that on its own
would result in carbon only have three bonds when four bonds are preferred. Instead, a 7-bond (Figure 4c
right) resulting from the overlap of two p, orbitals provide the fourth bond for each carbon atom. The shape of
the bond, or the orbital,” that contains electrons begins to change. While the o orbital lies within the plane of
the molecule and lies between the two atoms, the 7 orbital lies above and below the plane of the molecule.
Acetylene (or ethyne), C,H, (Figure 4d), takes this one step further. Each carbon atom is only bonded to one
hydrogen atom, leaving three bonds, a 6-bond and 2 -bonds between the carbon atoms. The 71-bonds result
from the overlap of two p, orbitals and two py orbitals.

Bonding in polymers

Let’s now consider bonding in polymers such as polyethylene and polyacetylene. For the former, the bonding
is an extension of what happens in ethane. However, instead of each carbon atom being bonded to three
hydrogen atoms and one carbon atom, each carbon atom is bonded to two hydrogen atoms and two carbon
atoms. The polymer consists of just single bonds with the electron density localized between atoms. These
localized electrons cannot move long distances and so polyethylene is an electronically insulating material. In
contrast, the bonding in polyacetylene is an extension of ethylene. If one looks at the bonding between the
carbon atoms, all will have o-bonds but every other bond will also have a 7-bond. As mentioned before, the 7
orbital lies above and below the plane of the molecule. When there is a series of i orbitals that are spaced
evenly and closely to each other, these orbitals can start to overlap allowing for delocalization of electrons. The
m-conjugated structure thus allows for conductivity to be achieved.

2 One-electron wavefunction obtained as a solution of the Schrodinger equation for an atom. https://doi.org/10.1351/goldbook.
A00500.
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Another unique feature about r1-conjugated polymers is that they are very colorful - in other words, they
are able to absorb visible light and also emit visible light. In order to understand this, we again need to look at
the bonding but this time also consider the energy levels of the orbitals. Take for example the hydrogen
molecule, H,. The atomic orbitals on each hydrogen overlap to form a new molecular orbital for the o-bond. An
anti-bonding molecular orbital is also formed known as ¢*. This is shown in Figure 5a. The ¢ orbital is lower in
energy than the o* orbital. Each orbital can take two electrons and so the two electrons from each hydrogen
occupy the o orbital. In this case, the ¢ orbital is also known as the highest-occupied molecular orbital (HOMO)
because it is the highest energy orbital that contains electrons. Conversely, the o* orbital is known as the
lowest-unoccupied molecular orbital (LUMO) because it is the lowest energy orbital that doesn’t contain
electrons.

Let us now reexamine ethane again but only looking at the C—C bond and not the C—H bonds. In much the
same way that a o orbital and a o* orbital was formed for hydrogen, the same happens when the C-C bond is
formed (Figure 5b). Similarly, for ethylene, a ¢ orbital and a ¢* orbital is formed. In addition to this, a 77 orbital
and a 71 orbital is formed (Figure 5c). For ethane, the HOMO and LUMO are the o orbital and the ¢* orbital,
respectively, but in ethylene, the HOMO and LUMO are the  orbital and a r* orbital, respectively. As we
increase the number of double bonds in the 71-conjugated molecule going from butadiene, octatetraene to
eventually polyacetylene, the HOMO level increases in energy and the LUMO level decreases in energy. As a
result the HOMO-LUMO energy gap decreases as the conjugation length is increased (Figure 5d).

Light absorption by organic molecules and macromolecules

When light shines on a molecule, if the energy, E, of the light, given by E = hc/A where h is the Planck’s
constant, c is the speed of light, and A is the wavelength of light, is larger than the HOMO-LUMO energy gap,
then an electron can be excited from the HOMO to the LUMO (Figure 6a). This corresponds to light absorption.
After some time, the electron can relax from the LUMO to the HOMO and can result in light emission. The color
of the light absorbed and emitted is related to the HOMO-LUMO energy gap. For ethylene, the HOMO-LUMO
energy gap is such that the wavelength of light that is absorbed lies in the UV-region (wavelength 100—-400 nm)
(Figure 6b). However, for extended 77-conjugated molecules, the HOMO-LUMO energy gap is small enough that
this translates into visible light (wavelength 400-800 nm) being absorbed or emitted.> As such, the

3 A principle known as ‘particle in a one-dimensional box’ can help us understand how extended conjugation brings the
HOMO-LUMO energy gap down. Read more at: https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_
Textbook_Maps/Map%3A_Physical_Chemistry_for_the_Biosciences_(Chang)/11%3A_Quantum_Mechanics_and_Atomic_
Structure/11.08%3A_Particle_in_a_One-Dimensional_Box.
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Figure 6: (a) Molecular orbital energy level diagrams showing photoexcitation from the HOMO to the LUMO upon light
absorption; (b) Wavelength of light that corresponds to the visible spectrum.

m1-conjugated structure not only allows for electronic conductivity but it also allows for visible light absorption
and emission, which are crucial properties for applications in OLEDs and OSCs.

Synthesis of polymers
Basic background information about polymer synthesis

Polymerization is the process of converting monomers into polymers. When the polymerization involves
reactions between molecules of all degrees of polymerization (i.e., monomers, dimers, trimers, tetramers,
oligomers, etc.), the process is known as polyaddition or polycondensation (Figure 7a). When this involves
sequential addition on monomer units to an active site the process is known as chain polymerization
(Figure 7Db).

In polyaddition, polymers are formed by bi- or greater functional molecules of all sizes reacting by addition
reactions without evolution of low molar mass by-products during the propagation reaction. In poly-
condensation, polymers are formed by condensation reactions, which produce small molecule(s) during each
propagation step. For these polymerizations to occur, the monomers must possess at least two reactive sites.
An example of polyaddition involves the synthesis of polyurethane from a diisocyanate compound and a
dialcohol compound (Figure 8a). An example of polycondensations includes the synthesis of polyesters, where
a dialcohol can be reacted with an acid chloride (Figure 8b), and polyamides where a diamine can be reacted
with a dicarboxylic acid (Figure 8c).

The synthesis of polyethylene or polyacetylene, as introduced in the previous section, is an example of a
chain polymerization (Figure 9). Chain polymerization comprises initiation, propagation and, optionally,
deactivation steps. In polyethylene or polyacetylene synthesis, an initiator reacts with the ethylene or acet-
ylene monomer one at a time to eventually form the polymer.

Specifics related to semiconducting polymer synthesis

While a simple semiconducting polymer, such as polyacetylene, can be made using a chain polymerization, as
shown in Figure 3, most semiconducting polymers have more complex structures. As such, most other sem-
iconducting polymers are synthesized using polycondensation. Some of these examples are shown in
Figure 10. Figure 10a shows the most common method that semiconducting polymers are synthesized (Carsten,
He, Son, Xu, & Yu, 2011). In this case, one monomer functionalized with halogens (X) and a different monomer
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Figure 8: Reactions schemes for the synthesis of (a) a polyurethane; (b) a polyester, specifically polyethylene terephthalate (PET);
(c) a polyamide, specifically nylon 66.

functionalized with an organometallic reagent (MX), a substance that has at least one metal to carbon bond
where the carbon is part of an organic group (https://doi.org/10.1351/goldbook.004328), is used where X
cannot react with itself, and MX cannot react with itself.* As a result, a polymer as shown in the figure can be
synthesized where Ar represents a (hetero)aromatic species.5 In the case when a double bond is required
between the (hetero)aromatic groups, a Horner-Wadsworth-Emmons reaction is commonly used (Figure 10b)
(Krebs & Jgrgensen, 2003). Finally, when functional groups are needed on the double bond, a Knoevenagel
reaction is frequently used (Figure 10c) (Cao et al., 2019).

Semiconducting polymer applications

There are a wide variety of potential applications for semiconducting polymers which can take advantage of
their conductive properties (in other words, their ability to allow charges to move) or their semiconducting
properties (in other words, their ability to absorb or emit light energy). When referring to charges, we will be
using the terms electrons (negatively charged particles) or holes (the absence of electrons — positive charges),
which are responsible for creating electric current in the semiconducting polymers. Since we are focusing on
their semiconducting nature, two important applications we will examine here are applications in OSCs and
OLEDs. These two applications can be considered almost as “opposite sides of the same coin” since OSCs

Initation Propagation

|_r\‘_ —_— |/\./\'= —_— I/\/\./\V= —_— M
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Figure 9: Polyethylene synthesis where | represents the initiator radical. For polyacetylene, the ethylene monomer would be
replaced with ethylene and the polymer repeat unit would contain a C=C bond instead of a C—C bond. Single-headed arrows
represent the movement of single electrons.

4 If X reacted with itself or MX reacted with itself, this would be known as a homo-coupling. Cross-coupling is when two different
fragments react together to form a new bond.
5 Read more about heteroaromatic compounds and aromatic compounds at https://doi.org/10.1351/goldbook.H02791.
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create electricity when light is absorbed and OLEDS emit light when electricity is applied to the device. Both
rely on the important, already discussed (in Figures 5 and 6) HOMO to LUMO transition either with light
absorption (excitation of electron from HOMO to LUMO in OSCs — Figure 11a) or light emission (electron
relaxation from LUMO back to HOMO in OLEDs - Figure 11b). It is apparent that there are also some differences
in the makeup of the active layer in the OSC (Figure 11a) and the OLED (Figure 11b) which are important and will
be analyzed in the upcoming sections.

Organic electronics

These two applications (OSCs and OLEDs) fall under a larger category of the emerging field of organic elec-
tronics where molecules and polymers are being utilized to create electronic devices. This is an exciting area of
technological development because it offers the ability of low-cost electronic device manufacturing on a large-
scale using ink printing technologies that already exist. In addition, organic electronics such as OSCs and
OLEDs can be made mechanically flexible and can be integrated into windows or building structures for
unique solar energy conversion or lighting applications. OLED-based screens on smartphones have become
commonplace as are large area digital screen applications utilizing this technology. The development of
semiconducting polymeric materials has enabled these advancements. The following two sections will look at
the basics of how OSCs and OLEDs work, and will also briefly overview two available hands-on activities that
teachers can use to demonstrate how a semiconducting polymer can be turned into an OSC or OLED.
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Organic Solar Cell Organic Light-emitting Diode diode




DE GRUYTER C.K. Luscombe et al.: Theoretical background on semiconducting polymers =— 177

Photovoltaic devices

A photovoltaic device (or solar cell) is a device that can convert sunlight into electricity (Mazzio & Luscombe,
2015). It is common to see many solar cells (linked together to form a large solar panel) on parking meters, on
rooftops, or in large arrays of panels on a solar farm. Historically, inorganic semiconductors such as silicon
have been used in these types of photovoltaic cells. Silicon is an ideal semiconductor material for solar energy
conversion because it is abundant, and in its purified crystalline form absorbs a large portion of the solar
spectrum (the sun’s irradiation). This enables high efficiency devices to be constructed. This is important for
solar cell technology because the higher the efficiency of the device, the smaller the surface area that is needed
to provide the power for a building or portable application.

The drawbacks of using an inorganic semiconductor such as silicon includes the requirement of high
temperature processing to access highly purified silicon and complicated device manufacturing processes.
This has historically made silicon solar cells expensive to buy and install. Although, as the demand for solar
energy conversion technology has increased, the cost of solar has become more competitive with non-
renewable energy sources (such as oil, coal, and natural gas).

Organic polymer solar cells

After the discovery of conductive polymers, it was realized that the semiconductive nature of the polymeric
material could be utilized to absorb light and potentially capture and convert that energy into electrical power.
To realize this, an important achievement occurred when a group led by Alan Heeger discovered that a
semiconducting polymer showed rapid photoinduced electron transfer to an allotrope of carbon called a
buckminsterfullerene (Sariciftci, Smilowitz, Heeger, 1992). A buckminsterfullerene is a spherical form of
carbon made up of 60 carbon atoms in the shape of a soccer ball. They are called buckminsterfullerenes (or Cgg)
after the architect Buckminster Fuller (Figure 12a).

The researchers discovered that if you illuminated a semiconducting polymer with light while the polymer
was in close contact with the Cg, a charge-transfer state could be obtained which is when an electron is
donated from the semiconducting polymer to the Cgo molecule (Figure 12a). This discovery then led to
development of working solar cell devices based on blends of conjugated polymers with an appropriate
acceptor. By choosing materials with the correct HOMO/LUMO energy levels, devices were developed that
could turn this initial photoabsorption and charge transfer into a working solar cell device (converting sunlight
into electrical power). And, remarkably it could all be processed at low temperatures by spin casting a thin film
that contained the semiconducting polymer and the acceptor material. Spin casting is one method to create a
very uniform thin film whereby a substrate is spun at a high rate while dropping a solution of the material onto
its surface. Overall, this work led to a major global research effort to discover new semiconductor polymer
candidates that enabled greater light absorption and more rapid charge conduction to help improve the overall
solar photoconversion efficiency.
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How polymer photovoltaic devices work

To make an operating semiconducting polymer solar cell device there are four processes that need to occur.

(1) Photon or light absorbance by the semiconducting polymer (excitation from the HOMO to the LUMO
energy levels)

(2) Excited-state (also called exciton — excitation from HOMO to LUMO - Figure 6) diffusion to the donor/
acceptor interface

(3) Charge separation at this interface to create electrons (negatively charged) and holes (positively charged)

(4) Electrons and holes are collected at separate metallic electrodes.

Step 1: Figure 13 depicts a graphical representation of each step of the process. For these four processes to work
efficiently, the device needs to be engineered to maximize each step. For step 1, the light absorption properties
of the semiconducting polymer are largely controlled by the molecular structure of the polymeric material. As
was mentioned in previously, the alternating single/double bond arrangement allows for the unique electronic
structure of the polymer to be observed. Specifically, the decreased HOMO-LUMO energy gap described allows
the semiconducting polymer to absorb visible light (Figure 6a and b), which is important for creating an
efficient photovoltaic device. The solar radiation that reaches the Earth’s surface has a specific distribution of
various wavelengths of light (Figure 14). It is the goal to absorb as much of the available solar energy as
possible. While at the same time, the light needs to be of sufficient energy to create an electrical potential
within the cell (which is generated in step 3). Lower energies of light (e.g., infrared radiation — Figure 14) are
typically not useful for creating efficient photovoltaic devices.

Step 2: After light is absorbed, an excited-state (also called exciton — Figure 6) is formed in the material. This is
created from the promotion of an electron from the HOMO into the LUMO leaving behind a positive charge or a
hole (h*). This electron-hole pair is bound together electrostatically, and cannot separate unless it diffuses to
an interface between the donor and acceptor material. The lifetime of this exciton is very short
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(~107° s = nanoseconds). If the exciton doesn’t reach the interface in time, it will relax back down to the ground
state and release the energy as fluorescence (emission of light — Figure 6) or heat. The mechanism of this
exciton diffusion to the interface between the donor and acceptor where the electron transfer can occur is step 2
in the overall process. This is a critical step, because to generate electrical power efficiently, each exciton
generated must reach the interface and be converted into electrons and holes (also called free-charge carriers).
Many photons must be continuously absorbed and converted into free charge carriers (electrons and holes) to
generate enough electrical current to create an efficient solar cell device.

It has been found that the exciton diffusion in most semiconducting polymers is very small (around 10 nm).
Considering that the overall thickness of most organic solar cells is typically between 50 and 100 nm, most
excitons would not be able to reach an interface if the device was composed of two planar layers stacked on top
of one another. To overcome this challenge, researchers simply blended the donor and acceptor materials to
create what is called a bulk heterojunction device (Scharber & Sariciftci, 2013). This ensures that any exciton
generated does not have to travel very far to reach an interface between the donor and acceptor materials. This
drastically improved the efficiency of organic semiconducting polymer solar cells. Figure 13b depicts the bulk
heterojunction architecture and shows the metallic electrodes used to contact the top and bottom layer of the
solar cell device. To allow light to get to the active, light absorbing layer, the bottom contact is made of a
transparent conductor layer, commonly indium tin oxide (ITO), supported on a glass substrate.

Step 3 and step 4: The last two remaining steps involve the dissociation of excitons at the interface to generate
electrons and holes (step 3), and their migration back to the anode (holes) and the cathode (electrons) (step 4).
The dissociation of the exciton requires that the offset between the LUMO of donor and LUMO of acceptor to be
energetically greater than the binding energy of the electron-hole pair (exciton). The difference in energy
between the HOMO of the donor and LUMO of acceptor is generally considered to be the maximum attainable
voltage the device can generate, although there is a myriad of additional electron/hole processes that tend to
lower this observed value.

The semiconducting polymer materials need to have efficient hole (or electron) conducting properties to allow
for the free charge carriers to be collected. In addition, the energy levels of metal electrode contacts (anode and
cathode) help to encourage electron and hole migration away for the bulk heterojunction and collection
(Figure 13a). The overall actions of the electron/hole generation and migration help to generate the observed
potential (solar cell voltage) and the current density (speed of the electrons in the cell per illuminated area).
The voltage (V with units V) multiplied by the current density (J with units mA cm™) gives us the electrical
power output of the solar cell.

Organic light-emitting diodes (OLEDs)

OLED research and development are a rapidly growing technology (Mentley, 2002). OLEDs can now be found in
digital screens in TVs, touch screen displays in mobile phones/tablets, cameras, and many similar display
applications. The advantages of using OLED screens include their lightweight, flexible screens that have good
viewing angles and low power consumption compared to previous generations of digital displays. One reason
that OLEDs use less energy is that the materials used in the displays emit light directly and require no
backlighting.

OLED emission mechanism

The mechanism for which an applied electrical potential can produce light emission is referred to as elec-
troluminescence. There are several electron-hole recombination pathways for which light emission can be
produced through the application of a voltage to an OLED device. For simplicity, we will focus on a general
mechanism first outlined in Figure 11b (Thejo Kalyani & Dhoble, 2012). Similar to an OSC device, and OLED is
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made using semiconducting molecules (or polymers) deposited as a very thin film (<100 nm) onto a conductive
surface requiring one of the conductors to be transparent to allow light emission to be observed. Also, similar to
the OSC device, we can split the overall mechanism into four steps however you will see that the order of the
steps is reversed (Figure 15a).

(1) Injection of electrons and holes into the organic semiconductor layer

(2) Charge transport of electrons and holes

(3) Exciton (electron-hole) formation in the emitting layer

(4) Electron-hole combination producing emission of light

This conversion of electricity into light emission is somewhat simplified compared to the OSC device requiring
only a single light emissive organic layer structured between the two metallic contacts. In practice however,
often there are additional organic layers that provide better electron and hole transport to the emitting layer,
and blocking layers to ensure that electrons and holes only combine together in the light emissive layer
(Figure 15b). These efforts help to improve the light emission efficiency of the device.

OLED colors

The mechanism for generating the light emission involves the application of a voltage to the device with
sufficient energy to inject electrons and holes into the organic (or polymeric) active layer. The intensity and
brightness of the generated light depends on the efficiency of this process in addition to how much power is
being applied to the device. The more voltage applied and current moving through the device, the more
electrons holes will combine and emit light.

The color (wavelength of light emission) from the organic layer is due to the HOMO-LUMO gap of the
semiconducting organic polymer. This gap is dependent upon both the p-orbital (conjugation) structural
features of the molecule or polymer, and also various functional groups that can fine-tune the energies of the
HOMO and LUMO orbitals making the energy gap larger or smaller (Figure 5). For instance, if the conjugated
polymer MEH-PPV which has an energy gap of ~2.0 eV, where 1 eV = 96.5 k]/mol, is used as the emissive layer
in an OLED device, we would expect that it emits yellow-orange light (emission 620 nm — Figure 6b). This
polymer can be used to demonstrate a working OLED device using a conjugated polymer (in the following
section).

Hands-on activities

Organic semiconducting polymer solar cell and organic light-emitting diode

A simple, hands-on semiconducting polymer activity that can be done at the high school or secondary
education level has been previously reported (Enlow, Marin, & Walter, 2017). A brief overview of this activity

which makes use of the same semiconducting polymer (MEH-PPV, Figure 17a) for both activities is described
below.
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Figure 16: (a) Energy level
diagram of an operating
MEH-PPV/TiO, solar cell with
device cross-section and

(b) image of the completed
device. (Note: FTO is trans-
parent conductive electrode)
Reprinted with permission
from (Enlow, Marin, & Walter,
2017). Copyright 2017 Amer-
ican Chemical Society.

Organic semiconducting polymer solar cell

To demonstrate the photovoltaic effect of a semiconducting polymer, a simple device can be constructed using
MEH-PPV and a cheap inorganic nanocrystalline material (titanium dioxide — TiO,). A solution TiO, nano-
particles are deposited onto a transparent conductive glass electrode and heated to form a highly porous
electrode. Then a solution of MEH-PPV dissolved in chloroform is drop cast onto the electrode and allowed to
dry. The MEH-PPV and nano-porous TiO, electrode form a bulk heterojunction light absorbing layer. The
sandwich-type solar cell is completed with an electrolyte solution (I"/I3”) to contact the polymer layer.
Figure 16a and b depicts an energy level diagram with electron movement of an operating solar cell device and
a digital image of the completed device.

In this device, the MEH-PPV polymer functions as the light absorber and donor material, whereas the TiO,
(whose energy gap is too large to absorb visible light) acts as the acceptor and electron-transport material.
MNlumination of the device induces photoexcitation of the MEH-PPV followed by electron donation to the TiO,
layer (Figure 16a). The electrolyte solution provides an electron back to the dye completing the device circuit.
An assembled device can be illuminated outside with sunlight or with a white light resulting in the generation
of a photovoltage and photocurrent which can be measured with an electrical multimeter. Two alligator clip
wire leads are used to contact the FTO (fluorine-doped tin oxide) transparent conductive electrodes for
measuring the power output (Figure 16b).

Semiconducting polymer organic light-emitting diode

The same conjugated polymer (MEH-PPV) can also be used to demonstrate electroluminescence which is
observed in OLED devices. In this simple device, a thin layer of MEH-PPV is cast from a chloroform solution
onto an FTO electrode. This polymer can then be contacted with a graphite rod or a liquid metal indium-
gallium contact. An additional FTO electrode is placed on top to complete the device, and a voltage is applied
from a 9 V battery which causes the polymer OLED device to emit light. Figure 17a depicts a cross-section of the
device construction and Figure 17b shows an image of the polymer OLED device emitting yellow light.

More information about these hands-on activities including resources for preparing teachers to demon-
strate or teach these activities, and information about where to obtain the materials needed can be found in the
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Figure 17: (a) OLED device cross-section, and (b) image
of polymer OLED emission. Reprinted with permission
from (Enlow, Marin, & Walter, 2017). Copyright 2017
American Chemical Society.
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previously reported work (Enlow et al., 2017) or by contacting the corresponding author (M. Walter) of this
article. Instructors will find these activities very exciting and informative for students about contemporary
polymer activities with real-world applications.

Conclusions

In this paper, we sought to provide a tutorial for upper secondary students about organic semiconducting
polymers. The paper covers their discovery, how they work, how they can be synthesized, and two examples of
their applications. Lastly, two hands-on semiconducting polymer activities have been presented that enable
educators to demonstrate these two important polymer semiconducting applications (OSCs and OLEDs). Both
activities enable students to construct actual working devices using solution-processable semiconductor
polymer materials. Overall, we hope that educators will find that the introduction to semiconducting polymers,
their syntheses and properties, and their real-world applications can inspire the next generation of science,
technology, engineering, and mathematics students.
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