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Abstract

A polymer photodetector is fabricated using polythiophene with chiral alkyl side chains.
The Cotton effect is observed in the CD spectrum of the photodetector, indicating an
unequal absorbance of left- and right-handed circular polarized light (CPL). The

photodetector is proven to be able to identify incident left- and right-handed CPL.

Polymer photodetectors that are made from R- and S-limonene induced achiral polymers
are fabricated. A “hot spin-coating” process is introduced to cast uniform limonene
induced polymer films. As a result of chirality transfer, Cotton effects are also observed

in these photodetectors’ CD spectra.

A model is suggested to explain the chirality generation of the polythiophene with chiral

alkyl side chains and limonene induced achiral polymers.
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Chapter 1

Introduction

1.1 Introduction of photodetector
1.1.1 Definition and application of photodetector

1.1.1.1 Definition of Photodetector

A photodetector is a sensor of light or other electromagnetic energies. * In most cases, a
photodetector is a solid-state transducer that is used for converting light energies into
electrical energies. However, there are some kinds of photodetectors that convert light
energy to energies other than electrical energy, like kinetic energy. For example, Crooks

and Nichols radiometers, which detect light by sensing light pressure.

1.1.1.2 Application of photodetectors

A major application of photodetectors is in the optical fiber communication system.
Fiber-optic communication systems include an optical transmitter, a cable containing
bundles of multiple optical fibers, as the transmission medium, and a photo-receiver to

recover the signal as an electrical signal. (Figure 1-1)

Input Light Output
Data source Detector Data
o o o o o o o
Transmitter Fiber-Optic Receiver

Circuit Cable Circuit

Figure 1-1 Schematic diagram of optical fiber communication
1



Figure 1-1 describes the basic scheme of fiber-optic communication systems. The
detector (photodetector) is a key component of the system. A better performance
photodetector, for example, a photodetector with higher sensitivity, can contribute to a
transmitting system with fewer signal repeaters; faster response of the photodetector can
contribute to a wider bandwidth, as a higher frequency can be used in the communication

system.

Imaging sensors are another important application of photodetectors; the most currently
used types are digital charge-coupled device (CCD) and complementary metal—oxide—
semiconductor (CMOS) active pixel sensors. They are now widely used in cameras,

scanners, bar code scanners and other imagers.

Other than fibre-optic communication systems and image sensing, photodetectors are also
widely used in scientific research, such as particle detectors and photomultipliers for

photon detection.

1.1.2 Conventional photodetector

1.1.2.1 Photoconductor

A photoconductor, or a photoresistor is a resistor for which resistance changes with the

change of incident light intensity; in other words, it exhibits photoconductivity.



+V

X

Vout

{

Figure 1-2 Scheme of a photoconductor

Figure 1-2 is a basic scheme of a photoconductor. A bias voltage +V is applied to the
device. Photocurrent generated by the incident photons is detected by the output voltage.?
The absorbed photons excite a carrier to a higher energy level, and result in a change of

conductivity of the material; thus a change of resistance of the device happens.

There are two types of photoconductors: intrinsic and extrinsic. In an intrinsic
photoconductor, carriers are excited from the valence band to conduction band, creating

an electron-hole pair, which changes the conductivity.

In an extrinsic photoconductor, the material is doped. Carriers are excited from an

impurity level, which is usually higher than its valence band, to the conduction band. So



the band gap (Eg) of extrinsic photoconductors are much lower than that of intrinsic

photoconductors. (Figure 1-3)

Intrinsic photoconductor Extrinsic photoconductor
Conduction
Band
A T
Band gap Impurity level
energy
Valence
Band

Figure 1-3 Energy level of intrinsic and extrinsic photoconductors

As the excitation of a carrier in intrinsic photoconductors calls for photon energy that is
higher than the band gap, its sensitivity depends on the wavelength. An extrinsic
photoconductor can have a smaller Eg so it can be used to detect long wavelength light
(beyond 5um). However, they suffer from low sensitivity and slow response speed, as
well as high noise under room temperature. These extrinsic photodetectors need to be

cooled in liquid nitrogen temperature when operated.?

1.1.2.2 Junction photodiode

A basic junction photodiode is a p-n junction diode that works under a reverse bias

voltage. The bias voltage creates a depletion region with high electric field. Photons
4



absorbed in the depletion region create electron-hole pairs, which separated by the

electric field, contribute to photocurrent.

1 [

: DepletiorlI

1 i 1

| region ¢

Ec | 1
:

EF lllllllllllllllll I
Ev I
1

Figure 1-4 Energy-band diagram of a reverse biased p-n junction

A p-i-n photodetector (PIN-PD) has a similar structure of basic junction photodiodes.
Other than the p layer and n layer, an intrinsic or very low n- or p-doped middle layer is
sandwiched between them, where the photon absorption mostly happens. Figure 1-5
shows the structure of a PIN-PD. The middle i-layer offers high resistance, so a large
electric field exists in i-layer. The incident light is mostly absorbed by the i-region of the
photodiode. ® These photodetectors are used in fibre-optic communication because of
their high bandwidth (The difference between the upper and lower frequencies using for

the communication), and high detectivity.



Figure 1-5 Structure of p-i-n photodiode

1.1.2.3 Avalanche photodiode

An avalanche photodiode is a photodiode with avalanche multiplication. With a structure
similar to that of a junction photodiode, an avalanche photodiode provides internal

current gain in a similar way as photomultiplier tubes.

Avalanche multiplication is a result of impact ionization of carriers. When a carrier is
injected into an electric field, it can be accelerated and gain kinetic energy. When this fast
carrier hits a lattice, another electron-hole pair is generated. Then the new carrier can be
accelerated again and allows impact ionization to happen more times. The gain is thereby

achieved.



n (L)

Jn (0)

Jp (0)

v

Figure 1-6 Avalanche multiplication with impact ionization, within a high-field region of
length L*

1.1.2.4 Phototransistor

A phototransistor is a bipolar junction transistor. Like a standard transistor, it can amplify
photocurrent by its built-in photodiode. The structure of a phototransistor is usually
similar to a common transistor, the major difference is that phototransistors usually have
a small emitter and a large base and collector, compared to a common transistor. A
phototransistor works under a reversed biased collector-base bias. However, unlike a
regular transistor, there is no base-emitter bias, the phototransistor generates the base

current with incident light.



As shown in Figure 1-7, when light shines on a phototransistor, carriers generated in the
base float into the collector, while carriers generated in collector float to the base. As
charges accumulate in the base, there is a forward bias that appears between the emitter

and the base, making charges float from emitter to base. However, only a small portion of

charges neutralise in the base, most of them inject into the collector, and result in the gain.

\\Am\\  coltr

Figure 1-7 Example of a phototransistor

We can see from the mechanism that, the higher the emitter-base potential, the more
charges inject from emitter to collector, which lead to a higher gain. The reason of a large

base is that the base is the light-absorbing area.

1.1.2.5 Quantum well and quantum dot infrared photodetector

8



Unlike the photodetectors that we introduced previously, which work by band to band
photon absorption, the photon absorption of a quantum well/dot photodetector occurs

within the conduction band or valence band.

A quantum well is a potential well with discrete energy values. A photon excites an
electron from the ground states in the quantum well to the first bound state, for which the
excitation energy is lower than the barrier energy. Then, the electron tunnels out of the

quantum well as photocurrent. Figure 1-8 shows the basic scheme of the mechanism:



Figure 1-8 Energy band scheme of quantum well infrared photodetector”

As the energy needed to excite an electron from the ground state to the first bound state is
lower than the barrier, and the consequent electron tunneling out is easy, quantum well
photodetectors can have higher absorption, broader wavelength response, lower dark

current and higher detection sensitivity.*

A quantum-dot infrared photodetector is similar to a quantum-well infrared photodetector.
The only difference is that a quantum-dot, instead of quantum well, is used as the

quantum potential well. There are some advantages compared to quantum-well

10



photodetectors: Because quantum-dots are 0-dimensional, there is no need for a set angle
of incident light, for quantum-well photodetectors. Furthermore, people can tune the

working wavelength easily by tuning the size of the quantum-dots.

1.1.3 Organic small molecule and polymer photodetector

1.1.3.1 Definition of organic photodetector

Organic materials, including organic small molecules, oligomers and polymers, are used
as semiconductive material instead of inorganic material, such as Si and GaAs in an

organic photodetector.

1.1.3.2 Organic semiconductor materials

According to Hickel’s model, conjugated n-electron systems, which are defined by
alternating single and double bonds in the molecular structures, are the key parameter and
origin of conduction of all kinds of organic semiconductor materials. The scheme of

energy level of a m-conjugated molecule is shown below:

G*
p p
2
sp” - sp
(¢}

Figure 1-9 Schematic diagram of organic molecule energy level

11



In a n-conjugated molecule, the carbon atom is sp® hybridized, with three sp? orbitals per
atom and one leftover unhybridized pz orbital. The weaker interactions of the parallel pz
orbitals form weaker © bond and 7n* antibond molecular orbital (MO) energy levels,
making the n-t* transition the smallest electron excitation in the molecule. Therefore, the
n bonding MO and 7n* bonding MO are the highest occupied molecular orbital (HOMO)

and lowest unoccupied molecular orbital (LUMO) of the organic semiconductor.

With a larger conjugated area, the 7 electrons are more delocalized, and the charges can
move more freely within the © conjugated area. A red shift of absorption spectrum is also
a result of larger conjugated area because of the smaller HOMO-LUMO transition energy.
This is one of the major benefits of organic semiconductor material, as people can easily

tune the HOMO and LUMO energy level by changing or modifying the organic material.

1.1.3.3 Small organic molecules and oligomers as semiconductive materials

1.1.3.3.1 Porphyrins and phthalocyanines

O
NN

{
LY

f

PR
& /\) =\

) ”-.'_%_ /

Figure 1-10 Porphyrin and phthalocyanine

Phthalocyanines and porphyrins are aromatic macrocycles with large n-conjugated

systems. There are at least 26 n-electrons for porphyrins and 42 n-electrons for
12



phthalocyanines. As a popular semiconductor material, good chemical and thermal

stability, photoactivity and high charge mobility are found in these materials. °

A major benefit of phthalocyanines and porphyrins is that their molecular structure can
be easily modified, like adding functional groups, adding more r-conjugated atoms, etc.
to modify their optical and electrical property, and they, therefore, can meet different

requirements of devices.®

Photodetectors based on phtalocyanines and porphyrins can have a very fast response.
For example, a single-layered heterostructure (SLH) and multi-layered heterostructure
(MLH) organic photodetectors, using copper phthalocyanine (CuPc) and N,NO-bis(2,5-
di-tert-butylphenyl)3,4,9,10-perylene dicarboximide (BPPC), are reported by Morimune
et al. and show a cutoff frequency of more than 20MHz ”. A cutoff frequency of more
than 1MHz is reached by titanyl phthalocyanine (TiOPc) and fluorinated zinc

phthalocyanine (F16ZnPc) based photodetectors.”

1.1.3.3.2 Acene-based derivatives

The acenes or polyacenes are a class of organic compounds that are made up of linearly
fused benzene rings. Because of their coplanar n -conjugated conformation and highly
ordered domain from their good crystalline formation, acene-based derivatives are

promising materials for photo-semiconductor.
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Figure 1-11 Tetracene (left) and Pentacene (right)

One of the most researched acenes for photodetector, pentacene-based thin-film
transistors (TFTs), are known for their device performance characteristics that almost
surpass amorphous Si-based TFTs on mobility®. Yakuphanoglua and Faroogb® reported
an ultraviolet and white light photo transistors using pentacene as the active material;
Choi et al. have reported a tetracene based transistor that has higher photo-to-dark current

ratio compared to pentacene based transistors, despite its low mobility®.

1.1.3.3.3 Oligothiophene

Oligothiophene and polythiophene are among the most popular organic photo-
semiconductors because of their excellent optical and electric properties and good
stability. The good crystallinity of thiophene based conjugated system is the reason of its

good charge mobility and large domain area.’?

14



Figure 1-12 B6T (upper), BP3T (middle) and 3 tetrakis(oligothienyl)silanes (lower)*

A quaterthiophenesilane: Phenyl-C71-butyric acid methyl ester ([70]PCBM) (2 in Figure
1-4) and a quinquethiophenesilane : [70]PCBM (3 in Figure 1-4) photodetectors have

been reported. 1-2 MHz frequency response is reached with zero bias voltage, which is

15



approximately one order of magnitude higher than for the reference devices based on a
conventional Poly(3-hexylthiophene-2,5-diyl) (P3HT)/ Phenyl-C61-butyric acid methyl
ester (PCBM) system. ** Another interesting example of the utilization of oligothiophene
in the field of photodetectors is that, P6T and BP3T (Figure 1-4) are used as a light-
absorbing and exciton-blocking system. In this system, P6T blocks blue light, and BP3T
blocks the excitation energy transfer from P6T to CuPc, which is the active material of

the photodetector.*?

1.1.3.3.4 Donor-acceptor small molecule materials

Donor-acceptor small molecule materials are a kind of small organic molecule that has a
donor-acceptor system. A m-conjugated backbone connects the donor part and acceptor
part. By modifying the donor and acceptor parts and the n-conjugated backbone, the
absorbance band of the system can be tuned. This is a promising way to fabricate a

broader band photodetector or a selected wavelength sensitive photodetector.

Diketopyrrolopyrrole (DPP) is a highly absorbing chromophoric acceptor. In 2008, a
DPP-Thiophene oligomer system was introduced by Nguyen et al., as the active material
in the solar cell. Its optical absorption extends to 720 nm in solution and to 820 nm in the
film. ** In 2012, Gang Qian reported a photodetector based on a similar DPP-Thiophene
system. The major benefit of this photodetector is that the detectability is extended to

near infrared, and a potential of band-gap tuning. * *°
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Figure 1-13 An example of DPP-thiophene system

Dicyanovinyl (DCV) is another acceptor molecule used as the end groups in donor
systems to form conjugated A—D—A systems. DCV-thiophene system (dicyanovinyl-
substituted terthiophene derivative, DCV3T) was used originally for organic solar cell in
2007 by Uhrich et al.,*® then a green-sensitive organic photodetectors consisting of a bulk
heterojunction blend of N,N-dimethylquinacridone and DCV-terthiophene was
introduced by Leem et al. at 2013. The response wavelength almost covers the whole

visible light spectrum, making it a good all colour organic photodetector*’

Figure 1-14 DCV3T
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1.1.3.3.5 Perylene diimide and fullerene acceptors

Unlike various organic donor materials, there are not many choices for organic acceptors.
Perylene and fullerene derivatives are two major kinds of n-type conjugated
semiconductors due to their low LUMO energy level, good stability, good solubility and

good crystalline by solution process. 8 1
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1.1.3.4 Polymer as photoconductor material

1.1.3.4.1 Polyphenylenevinylenes

Polyphenylenevinylenes (PPV) are well known as conjugated conductive polymers. PPV
based electronic devices are widely used. A soluble PPV, poly[2-methoxy-5-(20-
ethylhexyloxy)-1,4-phenylene vinylene] (MEH-PPV) was firstly used in photodetector in
1994 by G. Yu et al., a sensitive UV-visible photodetector made with MEH-PPV and Cgg
was introduced.?’ In 2005, the response band of an MEH-PPV photodetector was
extended to infrared using PbS quantum dots. 2* Poly[2-methoxy-5-(3,7-
dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV) is another similar polymer,

which was used for photodetector at 1999 by Brabec, C.J. et al..??

MeO MeO
Figure 1-16 MEH-PPV (left) and MDMO-PPV (right)

1.1.3.4.2 Polythiophenes

Polythiophene is a kind of very important and popular conjugated polymer for organic
electronic devices, poly(3-hexylthiophene) (P3HT) is one of the most investigated and

used polythiophenes. In 2002, Schilinskya et al. reported the first P3HT based bulk
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heterojunction photovoltaic cell as well as its utilization as a photodetector.® After that,
many optimizations were introduced to improve the performance. Recently,

nanotechnology is also introduced to boost P3HT based photodetectors. %

/)
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| imn
Figure 1-17 Poly(3-hexylthiophene-2,5-diyl) (P3HT)

1.1.3.4.3 Third generation polymers

Compared to the first generation organic semiconductor, polyacetylene, and second
generation organic semiconductor, polythiophenes, the third generation semiconducting

polymers have more complex molecular structures with more atoms in the repeat unit.?®

PDDTT
Figure 1-18 PDDTT
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PDDTT (Figure 1-18) is one of the important examples of the third generation
semiconducting polymers. A PDDTT:PCgBM based photodetector reported by Gong et
al. exhibits an amazing response spectrum from 300nm to 1450 nm, with ditectivity
greater than 10" cm Hz*? W and a linear dynamic range larger than 100 dB, making it

even better than any inorganic photodetector.?®

Figure 1-19 Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-bithiophene] (F8T2)

Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-bithiophene] (F8T2) is another third generation
co-polymer. The F8T2:PCBM photodetector shows good performance in the dark and
under detection. A cutoff frequency of 50MHz is reached under reverse bias voltage of

10V, showing the potential to be a good high speed photodetector.

1.1.3.4.4 Advantage and limitation of organic photodetector

The advantages of organic photodetectors include good affordability, flexibility, being
able to cast or print on a large area with low cost. The potential of tuning the characters,
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such as response spectrum, colour, or even transparency is also very attractive. However,
most organic photodetectors are still considered as low performance compared to

inorganic (Si, GaAs, InP, etc.) photodetectors.

1.2 Essential characteristics of photodetector

1.2.1 Relationship between photodetector and solar cell

Organic solar cell and organic photodiode photodetector are essentially the same: they are
photodiodes. In both the photodetectors and solar cells, the carriers are generated out of
light absorption: Incident photons excite electrons from lower energy level to a higher
energy level; thus electron-hole pairs are generated. The carriers result in a photocurrent,

holes move toward the anode, and electrons toward the cathode.

When the photodiode is used in photovoltaic mode (solar cell), the photocurrent flowing
out of the device is restricted, and a voltage builds up. Usually, no bias will be added to
the device. When the photodiode is used in a photodetector mode, a reversed bias
(cathode driven positive) is usually added. The current of the photodetector is measured
and is proportional to the light intensity. The reason a reverse bias is needed is that it
increases the depletion width of the p-n junction, which increases the frequency response

of the device by decreasing its capacitance.

1.2.2 Important characteristics of photodetector

Unlike solar cells, which focus almost only on the energy conversion efficiency, the
performance of a photodetector relies on many characteristics. Quantum efficiency,
response speed, noise, response spectrum and linearity are some of the most important

characteristics of a photodetector.
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1.2.2.1 Quantum efficiency

Quantum efficiency is defined as absorbed incident photon to converted electron ratio.
As the absorbed incident photon is hard to measure, “external quantum efficiency” is

defined as shined photon to converted electron ratio.

The external quantum efficiency depends on three factors: how many photons are
irradiate onto the semiconductor; how many photons are absorbed and converted to
carriers and how many carriers reach the outer circuit before they recombine. Quantum
efficiency is no doubt important, because it’s a key factor of the sensitivity of a

photodetector.

1.2.2.2 Response speed

The time delay of the incident light to an electrical signal is the response speed of a
photodetector. It is measured by sending light pulses to the photodetector, and measuring

how fast the photodetector can respond to these signals.

There are two factors that affect the response speed. First is the time that carriers travel
through the active layer and reach the electrode; second is the RC time constant of the
device, where C is the capacitance of the device junction, and R is the equivalent parallel
resistance that includes the parasitic resistance.* Response speed is the key for the

frequency bandwidth of a photodetector.

1.2.2.3 Noise

Like other electronic devices, photodetectors suffer from electronic noise. Noise is
defined as a random fluctuation in an electrical signal, either current or voltage. There
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are mainly three kinds of noise in a photodetector: shot noise, dark current and thermal

noise.

In a photodetector, shot noise is associated with the particular nature of photons. For this
reason, the number of photons is uncertain, but exhibits detectable statistical fluctuations,
which is the source of shot noise. The shot noise cannot be avoided because of its theory,

but it’s usually not a big issue unless the light intensity to be detected is very low.

Dark current is the current signal that the photodetector exhibits in the dark. “Reverse
bias leakage current” is another name for it. The dark current is due to the thermal
generated electron-hole pair, which are swept by the voltage bias. The dark current is
strongly depending on operation temperature so lower temperature can reduce the dark

current.

The thermal noise is a result of thermal agitation of carriers. It is also known as Johnson—

Nyquist noise. The power of thermal noise is given by:

Equation 1-1

To = 4ksTR

Where 5721 stand for voltage variance (mean square) per Hertz of bandwidth, kg is the
Boltzmann's constant in joules per Kelvin, T is the resistor's absolute temperature in

Kelvins, and R is the resistance of the resistor.
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1.2.2.4 Response spectrum

Response spectrum is the wavelength range that a photodetector can response to. As a
photodetector will respond only to photons with energy higher than its band gap energy,

the band gap energy is, therefore, the cutoff energy of the photodetector.

Inorganic photodiodes, like Si photodiodes, have a certain cutoff energy of 1100 nm. On
the other hand, the cut off energy of an organic photodiode can be modified by changing
the semiconductor material. This gives an advantage for organic photodetectors as

infrared photodetectors.

1.2.2.5 Other characteristics of a photodetector

Stability under the operation condition is very important for a commercialized
photodetector. Fidelity, which defined by the reproducibility for the waveform of the
incident light of a photodetector, is very important for some utilizations. The linearity of
a photodetector’s output to light intensity is also a concern. The range of the linear

operation wavelength of a photodetector is called the dynamic range.

1.3 Chirality and chiral transfer

1.3.1 An introduction to chirality

Long before the existence of the word “chiral”, plane polarized light was first discovered
by Malus (1809), a French physicist. Later, in 1911, another French scientist Biot
discovered that a quartz plate can rotate the plane of the polarized light. Furthermore, he

found that some quartz plates can turn the plane left while others turn it right.
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In 1848, the genius Louis Pasteur successfully manually spectated 2 different types of the
crystals of the sodium ammonium salts of (+)- and (-)-tartaric acid, using a tweezers and
lens, which are formed from slow evaporated liquid solution of wine caskets. Pasteur
discovered that, when he dissolved these two types of crystals, one solution rotates the

polarized light to the right while the other solution rotated to the left.?

AR/

N L/

Figure 1-20 The two types of the crystals of the sodium ammonium salts. (Imagine from
Wikipedia)

The word “chiral” first came out in 1884 using by Thomson, representing “handed” (from
Greek “cheir”, means hand.). In 1960s, Mislow and Cahn, Ingold and Prelog strictly
defined “chiral” as having no plane, centre, on alternating axis symmetry, plus at most

one axis of rotation.

1.3.2 Chiroptic

1.3.2.1 Optical Activity
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Chiroptical activity is a phenomenon when polarized light interacts with a chiral
substance, which can be different between the two enantiomers of a chiral compound.
Optical rotatory dispersion (ORD), circular dichroism (CD) and circular polarization of

emission (CPE) are some of the aspects of chiroptical activities.

Before explaining how the chiral compounds interact with polarized light, a brief
introduction to polarized light is stated here. Light is an electromagnetic radiation which
IS a representation of time-dependent electric and magnetic fields. In ordinary light, or
isotropic light, the light randomly polarized. When the oscillations are removed or
filtered, except one direction left, the light is called plane polarized, or linear polarized.
When it comes to circular polarization, like linear polarized light, there is only one
direction of the oscillation left, but the direction is changed as the light propagates.
(Figure 1-21) A linear polarized light can be considered as a combination of equivalent

of opposite circular polarized light of the same intensity.

Figure 1-21 The electric field vectors of a traveling circularly polarized electromagnetic

wave %
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As a characteristic of the enantiomer, when linear polarized light pass through a chiral
compound enantiomer, one-handed circular polarized light of the linear polarized light is
more favoured so the velocity of, say right circular polarized light, is slower than the left
circular polarized light. As we know that the refractive index n equals co/v in a particular
medium where v is the velocity of light in the medium and ¢, is the vacuum light velocity,
the n_ will be greater than ng. As a result, when viewed towards the light source, the
outgoing linear polarized light will be clockwise rotated by an angle [a]. When n_# ng,

the medium is called to be circular birefringent and having optical activity.

1.3.2.2 Optical Rotatory Dispersion

The measurement of the optical rotation of a sample, as a function of wavelength, is

called optical rotatory dispersion (ORD).

Figure 1-22 is an example of ORD curve. The cross point of the ORD curve is very close
to the maximal absorbance of the sample, which also means that, at that wavelength, the
sample is optical null. Also, a maxima, a minimum and an inflection point are exhibited
in the curve. This anomaly of the curve is called Cotton effect. ** When the curve
increases as the wavelength decreases, and then decreases, the curve is called positive;

when the curve decreases as wavelength decreases, it’s called negative.

ORD reflects information about the configuration of the chromophore and the stereogenic

that perturb it. *
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Figure 1-22 CD, ORD and Absorbance spectra of R and S forms of camphor sulphonic

acid®

1.3.2.3 Circular Dichroism

Circular dichroism (CD) is another chiroptic phenomenon discovered later. It’s a
chiroptic phenomenon that is observed in the chiral materials non-transparent region of
their absorbance spectrum. The different absorption of left- and right-handed polarized
light of a chiral material comes from the electronic transition of the chiral chromophore.
CD reflects the anisotropic absorption of circular polarized light of a chiral sample which

is a Cotton effect too.

The sign of a Cotton effect of CD is defined similar to ORD (see 1.3.2.2), and the

corresponding CD of an ORD has the same sign as the ORD (positive or negative).
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Corresponding ORD and CD in the same wavelength range reflect the same chiral

chromophore. **

1.3.2.4 Chirality transfer

Achiral compounds can show Cotton effect in their ORD and CD when chirality is
induced by other chiral substances. This phenomenon is called chirality transfer. Chirality
transfer was first discovered in 1959, showing that the achiral dye compound-
polypeptides complex exhibiting optical activity, at the absorbance region of the dye.* In
1966, chiral solvent induced chirality to achiral molecule was discovered by Bosnich, et

al. 34

The chiral transfer is generated by some interaction between the chiral compound and
achiral compound. The interaction can be hydrogen bond, solvation effect, covalent bond
or supermolecular interaction. A chiral conformation will be usually created by the

interaction.

The chirality transfer of polymer is an interesting research object since Khatri, et al.
discovered the optical activity of polyisocyanates devoid of chiral center. The chirality is
due to the helical conformation that was induced by chiral solvent.*® The poly(n-hexyl
isocyanate) is a polymer devoid of chiral centre. In the presence of (R)-2-chlorobutane,
which is a kind of chiral solvent, the achiral poly(n-hexyl isocyanate) shows CD activity
at 250 nm, which is transparent to the chiral solvent. This phenomenon indicates that the

achiral poly(n-hexyl isocyanate) obtains chirality by chirality transfer.
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Figure 1-23 Circular dichroism spectra of poly(n-hexyl isocyanate) dissolved in optically

active solvents at 20 °C. Ultraviolet spectrum (-) shown only *

The chiral transfer from chiral solvent to achiral polymer is a promising way to fabricate
optically active organic photoelectronic devices because this method avoids expensive
and complex asymmetric synthesis. Moreover, the well-studied photo semiconductor
polymer can be used directly to ensure the successful fabrication of the device, and avoid

unnecessary optimizations.

1.3.3 Current method to detect circular polarized light

1.3.3.1 Circular polarized light detecting in nature

Long before humans discovered circular polarized light (CPL), animals were able to
detect CPL and utilize CPL for their advantage. Though CPL is not common in Nature,
scientists found that some kind of scarab beetle reflects only left-handed polarized light.*
The mantis shrimp, which is an extremely colourful yet aggressive creature, also has very

powerful eyes that can detect CPL. On the top of the eye of mantis shrimp, there is a
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biological quarter-wave plate; under it, there are two orthogonal rhabdom layers that can
detect the property of linear polarized light. In this way, the mantis shrimp can detect all
four linear and two circular polarization components, giving itself a full description of

polarization.’

1.3.3.2 ORD spectroscopy

ORD spectroscopy can be used to examine optical activity of samples by detecting the

optical rotation. The basic scheme is shown below:

Source Polarizer

B

Monochromator

concentration
C

Detector

Figure 1-24 ORD spectroscopy scheme *

The linear polarized monochromatic light enters the sample, and the direction of the
linear polarized light is rotated by a certain angle a, which is detected by a polarizer
acting as an analyzer. The ORD spectroscopy works with non-absorbing samples or non-

absorbing at the detecting wavelength samples.

1.3.3.3 CD spectroscopy
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Circular dichroism (CD) spectroscopy is a spectroscopic technique where the CD of the
sample is measured over a range of wavelengths. A CD spectroscopy measures the
absorbance difference of left-handed CPL and right-handed CPL of the sample at a given
wavelength. In a CD spectrometer, a photo-elastic modulator (PEM) is used instead of a
quarter-wave plate, to generate CPL. A PEM contains a piezoelectric element cemented
to fused silica, and the silica can be driven to be birefringent and oscillating at a set
frequency, turning the PEM into a dynamic quarter wave plate that produces left-handed

and right-handed CPL.

Maonochromator and
linear polarizer

PEM CD active
medium

High intensity
kgt source

Detoctor

Figure 1-25 scheme of modern CD spectrometer (ChemWiki)

The detector is locked-in to the frequency of the PEM, so that the differential CPL

absorbance at given wavelength, also known as CD, can then be calculated.
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Chapter 2

Project Objectives

2.1 Organic photodetector for circular polarized light

The project is aiming at fabricating a simple, light weight, flexible and potentially low
cost photodetector that can detect and identify circular polarized light. Organic material is
used as the photo-semiconductor of the photodetector to achieve a lightweight and
flexibility attribute; a single layer heterojunction structure is adopted to keep the device

simple and reliable.

The basic theory of the organic photodetector for circular polarized light is based on the
circular dichroism property of the photo-semiconductor. The absorbance values of the left
handed and right handed circular polarized light of the material are slightly unequal,
resulting in the unequal output voltage or current value, therefore, the left handed and

right handed circular polarized light can be identified.

The organic photodetector for circular polarized light (or CPL sensitive photodetector)
can be used as a special way of communication. Circular polarized light can be
modulated to carry information, not only by frequency or intensity, but also by
polarization property. As circular polarized light is very rare in nature, the photodetector

can also work as a selective sensor to detect specially designed objects.
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Chapter 3

Experimental

3.1 Photodetector using optically active polythiophene with chiral side chains
3.1.1 Material

3.1.1.1 Polythiophene with chiral side chains

As mentioned in 1.1.3.4.2, Polythiophenes are a kind of very good organic optical
electronic material, which are very well studied as the active material in an organic
photodetector. When a chiral group is substituted on the 3 position of thiophene, the
polythiophene usually shows optical activity, making it a potential active material of CPL

sensitive photodetector.

Lemaire et al. introduced the first polythiophene with chiral side chains in 1988. The
polythiophene (Figure 3-1) was studied to stereoselectively recognize chiral anions.
Later in 1991, polythiophene with a free amino-acid side-chain was reported with circular

dichroism activity. *
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Figure 3-1 Polythiophene with chiral side chains (Lemaire et al.)
In 1996, a polythiophene with an alkyl side-chain was reported by Bidan et al.,(Figure 3-

2) showing significant CD in solution and solid state. “° The good crystalline property

and optical activity make it a promising electro optical material for a chiral photodetector.

o
S
n

Figure 3-2 Poly3-(R-3',7'-dimethyloctyl)thiophene *°
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The polythiophene with a chiral alkyl side-chain— poly3-(R-3',7'-
dimethyloctyl)thiophene (chiral PT, or cPT will be used as names for this compound),

which obtained from Dr. Guillerez, is the active material of the photodetector, used as

received.

3.1.1.2 [6,6]-Phenyl C61 butyric acid methyl ester (PCBM)

Reported in 1995 **, PCMB is a soluble form of fullerenes blended with conjugated
polymers with nanoparticles such as C60 that has been found to be a good electron

acceptor in organic photonics.

The 99% purity PCBM used in the project is received from SES research, is shown below:

Figure 3-3 PCBM

3.1.1.3 Indium Tin Oxide (ITO) transparent conductive coated glass
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Indium Tin Oxide (ITO) coated glass is used as transparent conductive substrate. The
35mm x 25mm glass slides are received from luminescence technology. The following is
the manufacturing details provided by the manufacturer: The ITO is deposited onto
polished soda lime float glass in two standard smooth thicknesses giving 9~15 ohms per
square and 4~6 ohms per square. Then SiO; barrier coating is deposited between the ITO

and glass.

3.1.1.4 Solvents

Chloroform, certified ACS, from Fisher Scientific.

3.1.2 Instruments

Laurell Technologies WS-400-6NPP Spin Coater is used for solution processed device
fabrication. VWR 1410 Vacuum Oven is used for pre-heating of substrate and annealing.
Kurt J. Lesker Organic Thin Film Deposition & Metallization System is used for the
metal electrode deposition. Keithley 4200-SCS Semiconductor Characterization System
is used for electronic characteristics. Jasco J-815 CD Spectroscope is used for CD and

UV-Vis measurement of the photodetectors.

Fabrication experiment procedure

3.1.2.1 Device design

The basic structure of the CPL sensitive photodetector is a heterojunction organic
photodiode. The substrate is a glass slide; ITO is pre-coated as transparent conductive
layer. The electron donor and acceptor chiral polythiophene and PCBM are mixed in
solution, and then cast on the ITO layer as the heterojunction active layer. Last, silver is

evaporated onto the active layer as the metal electrode.
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Chiral Polythiothene : PCBM

ITO

Glass

Figure 3-4 Scheme of the photodetector

structure

3.1.2.2 ITO patterning

The ITO pre-coated glass slide needs to be patterned to make the photodiode. The
original size is 20mm x 25mm. The patterning is done by covering a certain area of ITO
by tape, covering it with powdered zinc metal, and then immersing the slide into 1 mol/L
HCI solution for 10 minutes. As ITO is a metal oxide, the area not covered with tape is
etched by acid. Subsequently, the slide is washed thoroughly with water, and the covering
tape is removed. Then the slide is washed by acetone for 3 times and immersed into
toluene, ultrasonic for 10 minutes. 10 minutes of ultrasonication rinse by acetone and

distilled water are then performed, and the slide is blown to dry with nitrogen.

The pattern scheme is shown below:
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Figure 3-5 Pattern scheme of ITO glass slide. The blue part is covered by tape so that the
ITO layer remains, the white part is uncovered glass.

3.1.2.3 Active layer

Chiral PT and Phenyl-C61-butyric acid methyl ester (PCBM) are used as electron donor

and electron acceptor.

20 mg cPT and 20 mg PCBM are dissolved in 1ml chloroform and stirred overnight. A
dark purple coloured solution is formed. The solution is casted onto the patterned ITO
slide using spin-coating process: The spin-coater is programed to 1000 rpm, 1000 rpm
acceleration, timing for 60 seconds. The solution is dropped onto the ITO slide to form a
liquid film, and spin-coating afterwards. A uniform, transparent purple film is formed

over of the slide.

3.1.2.4 Deposition of silver electrode

The slide from the last step is placed under vacuum for 10 minutes to evaporate the
solvent, then physical vapour deposition is used under higher vacuum (<1710-7 mbar).
The deposition rate is 1.5 A per second, the thickness of silver is 100 nm. The deposition

area is shown below: (Figure 3-6)
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The active area of the device is the overlap area of ITO and silver. The small active area
contributes to a smaller capacitance, and, therefore a faster response. It is also easier to

fabric a uniform active layer when the active area is small.

Figure 3-6 Silver electrode deposition scheme

3.2 Photodetector using limonene induced chiral F8T2

3.2.1 Material

Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-bithiophene] (F8T2) is a popular conjugated
polymer that was well studied as the active material for phototransistors, photodetectors
and polymer solar cells. (Figure 3-6) The F8T2 is purchased from Luminescence

Technology Corp., molecular weight is 20000~60000 and it is used as received.

Limonene, taking its name from lemon, is a kind of cyclic terpene. Limonene can be

found in citrus fruits rind, like lemon, in a considerable amount.
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R{+)-limonens S(-)-limonene

Figure 3-7 R (+) -limonene and S (-) —limonene

Limonene is a chiral molecule. (Figure 3-8) The R (+) —limonene is naturally found in
citrus fruits, while the S (-) —limonene is synthetic. The racemic limonene is called
dipentene. Limonene is wildly used as fragrant in cosmetic products, cleanser, and

medicine. It’s also becoming more and more popular as biodegradable solvent.

The R (+) —limonene, S (-) —limonene and dipentene were purchased from Alfa Aesar.

Both enantiomers are in 97% purity.

3.2.2 Instrumental

See 3.1.2 instrumental

3.2.3 Fabrication experiment procedure

The device design of limonene induced F8T2 photodetector is quite similar to that

described at 3.1.3.1. The major difference is the preparation of the active layer:

3.2.3.1 Active layer
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Similar to chiral polythiophene the active layer, an F8T2: PCBM blend, weight ratio 1:1,
is used as the active material for the photodetector. However, because F8T2 and PCBM
are not soluble in limonene at room temperature, a process called “hot spin-coating” is

performed to fabricate uniform limonene induced active layer.

10.0 mg F8T2 and 10.0 mg PCBM are weighed and put into a 50 ml round bottom flask,
then 1.0 ml of limonene (R-, S- or racemic) is added into the flask. The flask is

connected with a Liebig condenser in oil bath and heated to 150 °C. (Figure 3-8)

N

L

\é\

Figure 3-8 Apparatus setup

When the temperature reached 150 °C, the mixture turned to a homogeneous dark brown
solution. The patterned ITO glass slides are pre-heated to 120 °C in oven, quickly

transferred to the spinning substrate of the spin-coater. Then a pre-heated to 150 °C short
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Pasteur pipette is used to quickly transfer the hot F8T2: PCBM solution to the ITO
patterned slide, and spin-coated at 1000 rpm for 60 seconds. A yellow to orange, fairly

uniform film is formed.

After placing the sample in vacuum for 10 minutes to remove any solvent (limonene)

residue, the slide is deposited with silver using the same procedure at 3.1.3.4.

3.3 Photodetector using limonene induced chiral P3HT
3.3.1 Material
The P3HT was purchased from Rieke Metals, Inc. The molecular weight (Mw) is

approximately 50-70K and 91-94% regioregular via NMR. It is used as received.

3.3.2 Instrumental

See 3.1.2 Instrumental

3.3.3 Fabrication experimental procedure

The device design of limonene induced P3HT photodetector is similar to that described at

3.1.3.1.

3.3.3.1 Active layer
20.0 mg P3HT and 20.0 mg PCBM are weighed into a 10 ml vial. 1.0 ml R-(S-) limonene

is added to the vial, and stirring using magnetic stir bar under 90 °C, until the mixture

becomes a homogeneous solution-gel.
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The patterned ITO slides are pre-heated to 90°C, then perform the “hot spin-coating” in
3.2.3.1 to cast the P3HT limonene sol-gel. The device is then placed in vacuum to

remove any limonene and deposited silver as described at 3.1.3.4.

3.4 Electrical characteristics measurement

Electrical characteristics of the photodetectors are measured by a Keithley 4200-SCS
Semiconductor Characterization System. Current is measured under a swept voltage bias,
from -30V to 30V for F8T2 devices and from -5V to 5V for P3HT devices. All the
devices are measured under dark first, and then measured under a solar simulator light.

The light intensity is approximately 100 mW/cm?,

3.5 CPL response test of the photodetector

3.5.1 Test principle
In the following experiments the CPL sensitive photodetector is the photodetector
giving a differential output current for left-handed CPL and right-handed CPL. Because

the output current difference can be very small compared to overall output and noise, a

lock-in amplifier is used to amplify the output current signal.

3.5.2 Laser setup
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Figure 3-9 Laser setup

The laser source is circular polarized light (CPL) at 532 nm. It is generated from a
coherent Verdi diode-pumped laser, followed by a quarter-wave plate. The wattage of the

laser is 0.05w.

The outgoing CPL then passes a rotating polarizer, which drives the CPL to linear

polarized light that its polarization direction is periodically changing.
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After the beam splitter, the first beam passes through a quarter-wave plate. The outgoing
light, which is now CPL periodically changing its polarization direction, goes into the

CPL sensitive photodetector.

The other beam first passes a fixed polarizer, then the outgoing light, which is now
flashing dark and bright at the same frequency as the rotation polarizer, passes a chopper
to reach the silicon photodetector. The chopper and the silicon photodetector are
synchronized by a lock-in amplifier to amplify the reference signal of the silicon

photodetector.

3.5.3 Circuit setup
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Figure 3-10 Circuit setup

A reversed voltage is added to the CPL sensitive photodetector, then the current is input
into the lock-in amplifier #1. The output voltage signal of the silicon photodetector is
input into the lock-in amplifier #2, while the frequency of the chopper is the reference
signal. The output signal of the lock-in amplifier #2, which is the amplified silicon
photodetector signal, is input to the reference channel of the lock-in amplifier #1. The

output channel is connected to a PC for data collection.

3.5.4 Light polarization calculation
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Assuming the light source is left-handed polarized, and the quarter wave plate has its fast
axis horizontal, and assumes the fixed polarizer has the same direction as the start
position of the rotating polarizer. Now we use Jones calculation to see the intensity and
polarization of the light that shine to the CPL sensitive photodetector and the silicon

photodetector.

The Jones vector of light source:

Equation 3-1

The Jones matrix of the rotating polarizer with axis at angle 0:

Equation 3-2

cos?0  sinBcosO
sinBcosO sin20

The Jones matrix of the quarter wave plate, with the fast axis at angle ¢:

Equation 3-3

cos?@ +isin?¢@ (1 —i)sinBcosO
(1 —1i)sinBcosO sin?@ + icos?
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The light that shine to the CPL sensitive photodetector:

Equation 3-4

cos?@ + isin?¢@ (1 —i)sinBcosH cos?0  sinBcosB\ V2 ( 1 )
(1 —i)sinBcosO sin?@ + icos?¢@/ \sinBcos®  sin?0 2 \+i

Incident light on the silicon photodetector:

Equation 3-5
< cos?0 sin@cos@) (1 0) V2 (1)

sinBcosO sinZ%0 0 0/ 2 \+i

. 0

B V2 <c0526 + isinGcosG)
2

Firstly, we fix the quarter wave plate (QWP) to ¢ = 0:

1
When 6 = 0, Equation 3 — 4 = (0),vector length

= 1, the light is horizontally linear polarized.

~.

N = N =

V2

T
When 6 = Z,Equation 3—4= -5 ,vector length

~.

N = N =
+

= 1,the light is left — handed polarized.

Similarly:
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1
When 6 = 0, Equation 3 —5 = (

O) ,vector length

= 1,the light is horizontally linear polarized.
1 1.
vz (77

T
When 8 = —,Equation3 —5 = —- vector length =

4 2 0 V2

the light is linear polarized.

We can calculate the result when the rotating polarizer rotates from 0 to 2x for ¢ = 0:

Table 3-1
0= Jones vector | Polarization | Jones vector Vector Vector
of equation 3- | of Jones of equation 3- | length of | length of
4 (set@ =0) | vector of 5 equation equation
equation 3- 3-4 3-5
4
0 <1> Linear (1) 1 1
0 0
/4 1 11. Left- 1 1 i 1 1
2 2 272 e
1 1. handed 2 02 V2
7 + Zl
/2 <0> linear (0) 1 0
1 0
3m/4 1+1i Right- 1+1i 1 i
2 2 2 2 V2
1 1. handed 0
22t
T <1> Linear (1) 1 1
0 0
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5n/4 1_1, Left- 1 1 1
2 2 22 NG
1 1. handed 2 02 V2
§+7l
3n/2 <0> linear (0) 0
1 0
1 1. iaht- 1
Tn/4 >+ i Right %+%i 1
1 1. handed 0 V2
22t
27 <1> Linear (1) 1
0 0

Generally the sum of the squares of the absolute values of the two components of vectors
calculated by equation 3-4, which equals the light intensity irradiate to the CPL sensitive

photodetector is shown below:

Relative light intensity

2.0

P
o

-2

P—
]

=
@)

Rotating angle

(radian)

Figure 3-11 Relative light intensity calculated using equation 3-4 (Constant 1)
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And the sum of the squares of the absolute values of the two components of vectors
calculated by equation 3-5, which equal to the light intensity irradiate to the silicon

photodetector is shown below:

Relative light intensity

2 3 4 5 6
jcos 2 2e-Lzasinizenc2 wherex o ROtating angle

(radian)

Figure 3-12 Relative light intensity calculated using equation 3-5

3.5.5 Data collection

In the laser setup, the axis angle of the quarter wave plate can be changed. By changing it,
the right-handed and left-handed CPL can be obtained at different phase of the reference
signal. For instance, if the quarter wave plate axis angle is horizontal, the left-handed

CPL will appear at the maxima +n/4 of the reference signal; if the quarter wave plate is

placed at horizontal - /4, the left-handed CPL will appear at the reference maxima.
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The output signals from the lock-in amplifier #1 (voltage or current) are recorded while
the quarter wave plate rotates from 0 degree (fast axis vertical) to 360 degrees, with an

EasySync™ USB oscilloscope and export as comma-separated values (CSV) data.

3.5.6 Test setup conclusion

In conclusion, the light intensity shined to the CPL sensitive photodetector doesn’t
change with time, but the light polarization changes from left-handed CPL to right-
handed CPL at a period of @ (considering the rotation of the polarizer). The light intensity
shined at the silicon photodetector oscillates from its maxima to minima at a period of
(considering the rotation of the polarizer), which is the same period as the polarization
change of the incident light to the CPL sensitive photodetector. Thus, we can use the
silicon photodetector output as the reference signal of the lock-in amplifier, to amplify

the signal corresponding to the circular polarization.
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Chapter 4

Results and Discussion

Figure 4-1 to Figure 4-3 show the CD and UV-Vis spectra of the 3 kinds of CD active

polymers.

The absorbance spectrum of limonene induced P3HT shows a red-shift compared to good
solvent casted P3HT film, but matches the spectrum of annealed P3HT. This indicates
that the “hot spin-coating” process results in a similar crystallinity of P3HT as

annealing.*?
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4.1 CD and UV-Vis spectra of the devices
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Figure 4-1 CD and Uv-Vis spectra of Polythiophene with chiral side chain (chiral PT,cPT)

Photodetector
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Figure 4-2 CD and Uv-Vis spectra of Limonene induced P3HT:PCBM Photodetectors
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CD Spectrum of Limonene Induced F8T2
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Figure 4-3 CD and Uv-Vis spectra of Limonene induced F8T2:PCBM Photodetectors
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Figure 4-4 UV-vis absorption spectra of P3HT with/without annealing **

In order to normalize the CD of each device, Kuhn’s g-factor **, which is the ratio of a

sample’s CD and absorbance signals, is used:

Equation 4-1

A; is the absorbance of left-handed circular polarized light and A,. is the absorbance of

right-handed circular polarized light, A is the absorbance of unpolarised light.

The CD is measured as ellipticity (6) in mdeg (1/1000 degree), and it can be easily

transformed as AA by the equation:
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Equation 4-2

360
0 (mdeg) = 1000 - In10 "B AA

Equation 4-3

AA

9cp = 2

Table 4-1 CD data of limonene induced polymers

Wavelength  Peak CD Absorbance ng

at Peak CD at peak CD
cPT 563.7 1.99E+02  0.889 6.79E-03
R-limonene induced P3HT 557.3 -5.02E+00 | 0.352 -4.32E-04
S-limonene induced P3HT 563.3 3.10E+00  0.419 2.25E-04
Dipentene induced P3HT 555.4 -1.40E+00 | 0.458 -9.25E-05
R-limonene induced F8T2 517.1 -8.89E+01  0.827 -3.26E-03
S-limonene induced F8T2 524.6 481E+01  0.998 1.46E-03
Dipentene induced F8T2 515 6.26E+01  1.357 1.40E-03

Chiral PT devices show significant Cotton effect at its absorbance band. The CD
spectrum shape and g.q are relatively repeatable using the fabrication method described at

3.1.3.

Limonene induced P3HT devices show weak yet obvious Cotton effect. The CD and UV-

Vis spectra of S-limonene induced P3HT and the cPT device are very similar, suggesting

that they may share the same mechanism to generate CD activity.
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Limonene induced F8T2 devices have much stronger Cotton effect, with a geq higher
than 1E-03, which is close to the g¢q of polythiophene with covalent connected chiral

centre.

As the fabrication procedures of the limonene induced polymer devices are complex and
inaccurate due to lack of temperature control and fast crystallization, the characteristics
of products are inconstant. The gcq values and spectrum shape can be very different from
one batch to another, one spot of the film to another. An R-limonene induced F8T2 is
recorded CD signal of 645 mdeg and g¢q of 1.36E-02, which is about twice as high as of

cPT device. However, the sample is not repeatable. (See Appendix)

Moreover, the polarization of spectrum can be reversed when the same limonene induced
device at different spot are measured. This can be a result of non-uniform film, and small
domains that are crystallized differently. The strong CD signal of the racemic limonene

induced F8T2 can be explained by the small domain, too.
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4.2 Surface morphology of active layers
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Figure 4-5 AFM image of R-limonene induced P3HT
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Figure 4-6 AFM phase image of R-limonene induced P3HT
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Figure 4-7 AFM image of S-limonene induced P3HT
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Figure 4-8 AFM image of S-limonene phase induced P3HT
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Nano rods can be clearly seen from limonene induced P3HT, supports that “hot spin-

coating” process forms similar crystallinity of P3HT as annealed P3HT film.

4.3 Electrical characteristics of the photodetectors
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Figure 4-9 I-V Character of cPT
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I-V Character of R-limeonene induced P3HT
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Figure 4-10 1-V Character of R-limonene induced P3HT
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Figure 4-11 I-V Character of S-lime one induced P3HT
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Figure 4-12 1-V Character of R-limonene induced F8T2
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Figure 4-13 I-V Character of S-limonene induced F8T2
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Structurally, all the tested devices are photodiodes. All of these photodiodes generate
negative current when irradiated by light. When apply negative voltage bias to it, the
reverse current increases. These electrical characteristics make them good photodetectors.

The optimal work condition can be also determined by the measurement data.

4.4 Study of devices’ circular polarized light response

Firstly, because the light intensity that was shined onto the quarter-wave plate varied
periodically due to imperfect purity circular polarized light. The intensity change can be

considered as a sine wave, which has the same frequency of the reference signal.

Reference Signal Collected by Si Photodetectors
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Figure 4-14 Reference Signal Collected by Si Photodetectors
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Figure 4-14 shows the light intensity signal collected by silicon photodetector. Blue data
points are collected by the Si photodetector that replaced the organic photodetector; the
red data points are collected by the reference Si photodetector. All data are collected

directly without lock-in amplifiers. (See Figure 3-11).

We can see from Figure 4-14 that, as proposed above, both beams oscillate at the same
frequency of 30 Hz, which is the frequency of the Rotating Polarizer (Figure 3-11). The

phase shift is 85°, the phase shift comes from the relative position of the fixed polarizer and the

position of the quarter-wave plate.

Meanwhile, when the laser passed through the quarter-wave plate, left-handed and right-
handed CPL are periodically generated with the same frequency of the reference signal.
Furthermore, the phase can be changed by rotating the quarter-wave plate. Thus,
assuming the polymer photodetector is more sensitive to left-handed CPL than right-
handed-CPL, when the left-handed CPL overlaps the intensity peak of the incoming laser,
the photodetector output is increased. When the right-handed CPL overlaps the intensity,
peak, the output signal will be decreased. Therefore, we can study the photodetector’s
sensitivity to the different polarization light, by studying the output signal to quarter-
wave plate rotation graph. A reference test (Figure 4-15) is performed by a Si
photodetector, which is known to be inert to CPL. The irregular while relatively flat
graph shows that the transparency of the quarter-wave plate is relatively uniform over the

circle. And the data allows determination of the noise on the measurements.
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Reference Test Using Si Photodetector
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Figure 4-15 Reference Test Using Si Photodetector

4.4.1 Photodetector using cPT
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Figure 4-16 cPT photodetector output
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Figure 4-17 cPT photodetector output phase shift compare to the reference signal
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From Figure 4-16 we can see that the device has the maximal output when the quarter-
wave plate has its fast axis vertical and has a repeat period of n. According to Table 3-1,
the same polarization of CPL appears at a repeat period of 7. So it is highly likely that
cPT photodetector output a maximal signal when one polarization CPL irradiate to it and

output a minimal signal when the other polarization CPL irradiate to it.

The photodetector’s sensitivity to CPL can be defined as:

Equation 4-4

_ Z(Vmax B Vmin)
asensitivity - (Vmax + Vmin)

2(5.6E3 — 5.3E3)

Asensitivity = (5 6F3 4 5.363) 10070 = 0%

Vinax @and V..., are maximal and minimal output signals in voltage that are collected from

the lock-in amplifier #1.

Interestingly, the gcp = 6.79E-03 is much lower than the asensitivity Value of 6%, suggesting
that the CPL response may not all come from the device’s absorbance difference to left-

handed CPL and right-handed CPL.

4.4.2 Photodetectors with limonene induced polymers
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Figure 4-18 R-limonene induced F8T2 photodetector output
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Figure 4-19 R-limonene induced F8T2 photodetector phase shift compare to the reference
signal
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Figure 4-20 S-limonene induced F8T2 photodetector output
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Figure 4-21 S-limonene induced F8T2 photodetector phase shift compare to the reference

signal
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Figure 4-22 R-limonene induced P3HT photodetector output
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Figure 4-23 R-limonene induced P3HT photodetector phase shift compare to the reference

signal
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Figure 4-24 S-limonene induced P3HT photodetector output
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Figure 4-25 S-limonene induced P3HT photodetector phase shift compare to the reference
signal
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Table 4-2 Polarization sensitivity of photodetectors (The output voltage signals are relative

values that generated by the lock-in amplifier #1.)

Maxima output Minima output  asensitivity

(mv, #1%) (mv, #1%) (#1%)
cPT 5.6E3 5.3E3 6%
R-limonene induced F8T2 5.1E3 3.9E3 27%
S-limonene induced F8T2 3.1E3 2.8E3 10%
R-limonene induced P3HT 3.0E3 2.8E3 7%
S-limonene induced P3HT 4.7E3 4.5E3 4%

All the limonene induced polymer photodetectors reach their maxima when the quarter-
wave plate rotates every /2. Furthermore, there is no significant difference for the output
diagram of R- or S- limonene induced polymer. The sensitivity of limonene induced
F8T2 is higher than 10%, and sensitivity of limonene induced P3HT is about 4%, close to

that of cPT.

The oscillation at period n/2 for the limonene induced polymer photodetectors can be a
result of the birefringence of limonene induced polymers. The polymer films absorb more
energy when the light is circular polarized, while they absorb less energy when it is linear
polarized. This lead to a higher response to either left-handed or right-handed polarized

light than linear polarized light.
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4.5 Suggested mechanism
From a previous study on X-ray diffraction of P3HT and F8T2, both polymers form n-n

stacking in their microcrystalline structure.* *

Fig. 3 from Tatsuya Muneishi et al
2014 Jpn. J. Appl. Phys. 53 01AB17

(b)

d=1.60nm

substrate Wire axis

42, 44

Figure 4-26 Schematic structure of F8T2 and P3HT crystalline structure

We discussed at 4.1 that, “hot spin-coated” F8T2 and P3HT have similar UV-Vis spectra
to annealed films, suggesting that their crystalline structure are the same as Figure 4-14.
Kawagoe et al. suggested a model structure of limonene induced F8T2 particles, which
are formed by good-bad solvent method. Figure 4-15 shows the limonene molecules

induce the forming of helically ordered F8T2 n—n stacks. *°
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Figure 4-27 A proposed model structure of helically ordered F8T2 n—m stacks with
limonene molecules. *

With the similar crystalline structure, P3HT may follow the same mechanism to gain

helical structure:
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P3HT n-n stacking

R-(or S-) Limonene molecule

Figure 4-28 Proposed model structure of helically ordered P3HT n—n stacks with limonene

molecules.

The n—= stacks of F8T2 or P3HT are induced to helix, and keep their helical orders after

limonene is removed by vacuum evaporation.

Chiral substituted polythiophenes are believed to gain their chirality from inter-chain
helical conformation, as well. It is very likely that, a splitting of the excited state of a
chiral substituted polythiophene in two exciton levels when the polymer is in an
aggregated phase. This splitting, which is not detected in absorption or emission

spectroscopy, gives strong support for an inter-chain origin of the optical activity.*®
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Figure 4-29 Helical packing of predominantly planar chains “

In Chapter 4.4.1, we see that the CPL response of the photodetector is significantly
stronger than the CPL absorbance difference. A possible explanation is proposed here: In
the bulk heterojunction photodetectors, the photoelectric effect is usually stronger when
the polymer is in a higher crystallinity. Owing to the mechanism of the induction of the
optical activity, higher crystallinity domains would have a stronger CD. Thus, as the CD
of the photodetectors is measured all over the slide, the CD data delivers a lower estimate
of the CD in the higher crystallinity regions that contribute more efficiently to the

photoelectric effect.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

The polymer photodetector fabricated using polythiophene with chiral alkyl side chains is
proven to be able to identify left- and right-handed CPL. However, the distinction
sensitivity of the photodetector is measured to be higher than the inequality of left- and
right-handed CPL absorbance, indicating a mechanism of CPL sensitivity other than CPL
absorbance inequality. As a solution-casting thin film electronic device, it can be

promising for low-cost and miniaturized circular polarized light detection.

CPL distinction is not observed in polymer photodetectors that are made from chiral
limonene induced achiral polymers. Instead, these photodetectors can identify incident
light between linear polarized light and CPL. This phenomenon is suggested due to the

birefringence of the polymer film.

A model is suggested to explain the chirality generation of the polythiophene with chiral
alkyl side chains and limonene induced achiral polymers. The similar shape of the CD
spectra of limonene induced P3HT and cPT suggests that they may share the same

mechanism of chirality generation.
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5.2 Future works

Though the products of “hot spin-coating” process are very unrepeatable due to the
unrepeatable process condition, optimization of limonene induced polymers is one of the
future directions of this project. Isolated examples already show very strong Cotton effect
in chiral induced polymer’s CD spectra (see appendix), showing promising potential of

high CPL sensitivity.

The suggested model of the polymer crystalline will be tested by X-ray diffraction and
morphology study. The mechanism of CPL sensitivity of the polythiophene with chiral

alkyl side chains will be studied in the future.

More polymer photoelectric devices can be fabricated from chiral polymers. For instance,

polymer light-emitting diodes (LED) made from chiral polymers can be a cheap, simple

and efficient solution of CPL source.
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Appendix

Supplementary Data

Limonene induced P3HT batch #1
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Limonene induced P3HT batch #2
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Limonene induced P3HT batch #3
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Limonene induced P3HT batch #4
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Limonene induced F8T2 batch #1
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Limonene induced F8T2 batch #2
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Limonene induced F8T2 batch #3
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Limonene induced F8T2 sample #4
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cPT sample 1
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cPT batch 2
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