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Abstract

A polymer photodetector is fabricated using polythiophene efittal alkyl side chains
The Motton effect is observed in the CD spectrum of the photodet@utiicating an
unequal absorbance of leéind righthandectircular polarized ligh{CPL). The

photodetector is proven to be abladentify incidentleft- and righthanded CPL.

Polymer photodetectothatare made fronR- and Slimonene induced actal polymers
are fabr i ca-t edtprodegsd intmduced tp cast uniform limonene
induced polymer filrs. Asaresult of chirality transfer, Cotton effects are also observed

in these photodetectorsd CD spectra.

A model is suggested to explahme chirality generation of theolythiophene with chiral

alkyl side chaingnd limonene induced achiral polymers.
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Chapter 1

| ntroducti on

1.1Introduction of photodetector
1.1.1Definition and application of photodetector

1.1.1.1Definition of Photodetector

A photodetector is a sensor of ligitother electromagnetic energiésn most casg a
photodetector is a soliskate transducer thatused for converting light energiggo
electricalenergiesHowever, there are some kinds of photodetet¢hatconvert light

energy to energies other than electrical energy, like kinetic energy. For example, Crooks

and Nichols radiometersvhich detect light bgensindight pressure

1.1.1.2Application of plotodetectors

A major application of photodetectors istire optical fiber communication system.
Fiber-optic communication systems include an optical transmitter, a cable containing
bundles of multiple optical fibers, as the transmission mediuma phdo-receiver to

recover the signal as an electrical sig@igure 1-1)

Input Light Output
Data source Detector Data
() () () () () () ()
Transmitter FiberOptic Receiver
Circuit Cable Circuit

Figure 1-1 Schematic diagram of optical fiber communication
1



Figure 1-1 describes the basic scheme of fioptic communication systems. The
detector (photodetector) is a key component of the system. A better performance
photodetector, for exampla,photodetectowith higher sensitivity, canontributeto a
transmitting sygmwith fewersignal repeatergaster responsef the photodetector can
contribute to avider banavidth, asa higherfrequencycan beused in the communication

system

Imaging sens@rareanother important application of photodetesttine most current}
used types are digital chargeupled device (CCD) and complementary metaidel
semiconductor (CMOS) active pixel sensors. They are now widely used in cameras,

scanners, bar code scarswnd other imagers.

Other tharfibre-optic communication systenad mage sensing, photodetectors are also
widely used in scientific researcuch agparticledetectors and photomultipliers for

photon detection.

1.1.2Conventional photodetector

1.1.2.1Photoconductor

A photoconductor, oaphotoresistor is a resisttor whichregstance changes with the

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



+V

X

Vout

{

Figure 1-2 Scheme of a jmotoconductor

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

conductivity of the matéal; thus a change of resistance of the delmgpens

There are two types of photoconductors: intrinsic and extrilmsan intrinsic
photoconductor, carriers are excited frdravalence band to conduction band, creating

anelectronhole pair, which changahe conductivity.

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

impurity level, which is usually higher than its valence banthécorduction band. So



the band gap (fF of extrinsicphotoconductors amauch lower than that of intrirs

photoconductors Figure 1-3)

Intrinsic photoconductor Extrinsic photoconductol
Conductio
Band
A T
Band ga Impurity level

energy

Valence
Band
Figure 1-3 Energy level of intrinsic and extrinsic photoconductors

As the excitation of a carrier in intrinsic photoconductaks forphoton energyhatis
higher than the band gafs sensitivity depends oewavelength. An extrinsic
photoconductor can hagesmallerEg so it can be used to detect lomgvelength light

( b ey on.dHowewemthey suffer from low sensitivity and slow response speed, as
well as hgh noise under room temperatufbese extrinsic photodetectors need to be

cooled inliquid nitrogen temperaturevhen operate:?

1.1.2.2Junction photodiode

A basic junction photodiode is arpjunction diode that works under a resebias

voltage. The bias voltage creates a depletion region with high electridfredtbns
4



absorbed irthedepletion regiorcreate electroiole pairswhich separated by the

electric field, contributéo photocurrent.

1 [
: DepletioT

1 i I

| region 1

Ec | 1
1

B e :
Ey I
1

Figure 1-4 Energy-band diagram of a reverse biasedm junction

A p-i-n photodetector (PH¥D) has a similar structure of basic junction photodode
Other than the p layer and n layan intrinsic or very low nor p-doped middle layer is
sandwiched between them, where the photonrpbea mostly happes Figure 1-5
shows the structure af PIN-PD. The middlelayer offers high resistance, so ega
electric field exists in-layer. The incidentight is mostly absorbed kiyiei-region of the
photodiode? Thesephotodetectar areused infibre-optic communicatioecause of
their high bandwidth(The difference between thpper and lower frequencies using for

the communicationgndhigh detectivity



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

1.1.2.3Avalanche photodiode

An avalanche photodiode is a photodiode with avalanche multiplicatih.a structure
similar tothat of a junction photodiodan avalanche photodiode prosdeternal

current gain in a similar way @hotomultiplier tubes.

Avalanche multiplication is a result of impact ionization of carriéfBen a carrier is
injected intoanelectric field, it can be accelerdtand gain kinet energy Whenthis fast
carrier his alattice, another electrenole pair is generated. Then the new carrier can be
acceleratd again andallowsimpact ionizatiorto happen moréimes. Thegain is thereby

achieved.



n (L)

Jp (0)

v

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

1.1.2.4Phototransistor

A phototransistor is a bipolar junction transistor. Likdandardransistor, it can amplify
photocurrent by its buHin photodiode. The struate of a phototransistor is usually

similar to a common transistor, the major difference is that phototransistors usually have
asmall emitter ané large base and collector, comphte a common transistor. A
phototransistor works under a revetbeasedcollectorbase bias. Howeveunlike a

regular transistor, there is no basuitter bias, the phototransistor generates the base

current with incident light.



As show in Figure 1-7, when lightshineson a phototransistor, carriers generatethen
base fbat into the collector, while carriers generated in collector float to the base. As
charges accumulate thebase, there iaforward biaghatappeas betweerthe emitter

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

charges neutralise the base, most of them injeittto the collector,andresult in the gain.

\\T\\  cotect

Figure 1-7 Example of a phototransistor

We can see from the mechanism that, the higher the etmétser potential, the more
charges inject from emitter to collector, which léad higher gain. The reasonadfrge

base is thathebase is the lightabsorbing area.

1.1.2.5Quantum well and quantum dot infrared photodetector

8



Unlike thephotodetectorthatwe introducedgreviously which work by band to band
photon absorption, the photon absorptd@a quantum well/dot photodetectmecurs

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 theantum well to thérst bound statefor which the
excitation energy is lower than the barrier energy. Then, the electron tunnels out of the

guantum well as photocurremtigure 1-8 shows the basic scheme of the mechanism:



Figure 1-8 Energy bandscheme of quantunwell infrared photodetector*

As the energyeeded to excite an electrfsom theground state to the first bound state is
lower than the barrier, and the consedudectron tunneling out is easy, quantum well
photodetectors can have higher absorptimoader wavelength respongsmyer dark

current anchigherdetection sensitity .*

A quantumdot infrared photodetector is similar to a quantwetl infrared photodetector.
The only difference is thaquantumdot, instead of quantum well, is used as the

guantum potential well. There are some advantages codipgegeanturawell

10



photodegctors: Because quanteaiots are @dimensionalthereis no need for aetangle
of incident light,for quantumwell photodetectors. Furthermogeeople can tune the

working wavelength easily by tuning the size of the quardots.

1.1.30rganic small molecule ad polymer photodetector

1.1.3.1Definition of organic photodetector

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

organic photodetector.

1.1.3.20rganic semiconductor materials

According to Hickeb model co n j u g-alécteod systes) whicharedefined by
alternating single and double bonds in the molecular strucanetbe keyparameteand
origin of conduction of all kinds of organic semicartor materials. The scheme of

ener gy |-comugdted mdlecude is’shown below:

Figure 1-9 Schematic diagram of organic molecule energy level
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In a” -conjugated molecule, the carbon atom fstsgridized, with three $prbitals per

atom and one leftover unhybridized pz orbital. The weaker interactions of the parallel pz

orbitals form we ak enolecular brlmtaMO) energy levets, ant i bon

maki ng *t hteransition the smallest el,thetron e
bonding MO and " * bonding MO are the hig

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

With a | arger conjugated ar amdthechdigescan el ect
move more freel y darea Aredrshiftohabsorptiemectranm isiasa t e

a result of larger conjugated area because of the smaller HOM®O transition energy.

This is one of the majdryenefitsof organic semiconductor material, as people can easily

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

1.1.3.3Small organic molecules and oligomers as semiconductive aiateri

1.1.3.3.1Porphyrins and phthalocyanines

O
NN

{
LY

f

"1 v

. /"‘i} -
5P

Figure 1-10 Porphyrin and phthalocyanine

Phthdocyanines and porphyrins ameomatic macrocyclesi t h -camjuggted

systens. There are eleast 26 -electrons for porphyrins and 42electrondor
12



phthalocyaninesAs a pgular semiconductor materigpod chemical and thermal

stability, photoactivity and higbhargemobility arefoundin thesematerials?

A major benefitof phthdocyanines and porphyrins is titheir molecudr structure can
be easily modified, like adding functialgroups,adding more -conjugated atoms, etc.
to modify their optical and electrical property, and tltbgrefoe, can meet different

requirements of devicés.

Photodetectors based on phtalocyanares porphyring€anhaveavery fast response.
For example, aisgle-layered heterostructure (SLH) and muldtyered heterostructure
(MLH) organic photodetectoysising coppephthalocyaninédCuPc) and N,N®is(2,5
di-tertbutylphenyl)3,4,9,14perylene dicarboximide (BPPGrereported byMorimune
et al.andshow a cutoff frequency of more than 20MHA cutoff frequency of more
than 1MHz is reached by titanyl phthalocyanine (TiOPc) and fluorinated zinc

phthalocyanine (F16ZnPc) &zd photodetectsr

1.1.3.3.2Acenebased derivatives

The acenes or polyacenes are a class of organic compibanase made up of linearly
fused benzene ringBecause of theicoplanar -conjugated conformation and highly
ordereddomainfrom their good crystalline formatioacenebased derivativeare

promising materiafor photasemiconductor.

13



Figure 1-11 Tetracene(left) and Pentacengright)

One of the most researched acenes for photodeteetdggendasedhin-film
transistors (TFTsareknownfor their device performance characteristitatalmost
surpass amorphous-Based TFT®n mobility®. Yakuphanogluand Faroogbreported
an ultraviolet and white light photo transistors usirgnpaceneas the active material;
Choietal. have reported a tetracene based trandlsabhas highephototo-dark current

ratiocompare to pentacendased transistordespite its low mobilitS;

1.1.3.3.30ligothiophene

Oligothiophene angolythiopheneare among the most popular organic photo
semiconductors because of their excellent optical and ielpctiperties and good
stability. Thegoodcrystallinity of thiophene based conjugated systsitine reason of its

goodchargemobility and large domaiarea™

14



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

A quaterthiophenesilan®henytC71-butyric acid methyl estf70]PCBM) (2 in Figure
1-4) and a quinquethiophenesilang0]PCBM (3 in Figure 1-4) photodetectorbave

beenreported1i 2 MHz frequency response is reacheith zero bias voltage, which is

15



approximately one order of magnitude higher than for the reference devices based on a
conventionaPoly(3-hexylthiophene?,5-diyl) (P3HT)/ PhenylC61-butyric acid methyl
ester(PCBM) system!! Another interesting example of the utilization of oligothiophene

in the field of photodetectsis that, P6T and BP3TFigure 1-4) are usd asa light

absorbing and exciteblocking systemin this system, P6T blocks blue light, and BP3T
blocks theexcitation energy transfer from P6T to Culkich is the active material of

the photodetectd?’

1.1.3.3.4Donofi acceptor smalinoleculematerials

Donoraccetor smallmoleculematerialsare a kind of small organic molecule that has a
donoracceptr s y s t-c®njugated backbone connects the donor part and accept
patBymodi fying the donor -eonjujateddbackbpne,the part s
absorbance baraf the systentan beuned Thisis a promising way to fabridea

broadetband photodetector or a selected wavelength sensitive photodetector.

Diketopyrrolopyrrole (DPP) is a highly absorbing chromophoric accejpt@008, a
DPPRThiophene oligomer systemasintroduced byNguyen et al.as the active material

in the solarcell. Its optical absorption extends to 720 nm in solution and to 820 nm in the
film. 23 In 2012, Gang Qiareported a potadete¢or based on a similar DPFhiophene
system. The majdsenefitof this photodetector is that thetectabilityis extended to

near infrared, and a potential of bagab tuning* *°
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Figure 1-13 An exampleof DPP-thiophene system

Dicyanovinyl (DCV) is another acceptor molecule used as the end groups in donor
systems to form conjugated Bi A systemsDCV-thiophene systend{cyanovinyt
substituted terthiophene derivath@CV3T) wasusedoriginally for organic solar celh

2007 byUhrich et al,*® then agreensensitive organic photodetectors consisting of a bulk
heterojunction blend dfl,N-dimethylquinacridoa and DCWerthiophenavas

introduced byLeemet al. at 2013. The response wavelength almost stivemwhole

visible lightspectrummaking it a good all colour organic photodetettor

Figure 1-14DCV3T

17



1.1.3.3.5Perylenediimide and fullerene acceptors

Unlike various organic donor matesathere are nananychoices for organic acceptors.
Perylene and fullerenderivatives are two major kinds oftype conjugated
semiconductordue to their low LUMCenergy level, good ability, good solubility and

goodcrystallineby solution process? *°

18






1.1.3.4Polymer as photoconductor material

1.1.3.4.1Polyphenylenevinylenes

Polyphenylenevinylenes (PPV) are well known as conjugated conductive pal{aR&f
based electronic devices are widaged. A soluble PPV, polyhethoxy5-(20-
ethylhexyloxy}1,4-phenylene vinylene]MEH-PPV) wasfirstly used in photodetector in
1994 byG. Yuetal., a sensitive UWisible photodetector made with MEPPV and G
was introduced?® In 2005, the response band of an MBRV photodetectaras
extended to infrared using PbS quantum ddt8oly[2-methoxy5-(3,7-
dimethyloctyloxy}1,4-phenylene vinyleng]MDMO-PPV)is another similar polymer,

which wasused for photodetector at 1999 Bsabec, CJ. et al.?

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

1.1.3.4.2Polythiophenes

Polythiophends akind of very important and popularonjugated polymer for organic
electronic devicegqoly(3-hexylthiophene) (P3HTis one ofthe most investigated and

used plythiophenesin 2002, Schilinskya et al. reportéakefirst P3HT basedulk
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heterojunction photovoltaic cedls well as its utilization asphotodetectof’ After that,
manyoptimizatiors wereintroducedo improwe the performancé&ecently,

nanotechnology ialsointroduced to boost P3HT based photodetectbrs

/)

S

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

1.1.3.4.3Third generation polymers

Compare to the first generation organic semiconducpmlyacetyleneand second
generation organic semiconductoo)ythiophenesthe third @neration semiconducting

polymers have more complex molecular structures with more atomsrieptat unit>

PDDTT
Figure 1-18 PDDTT
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PDDTT (Figure 1-18) is one of thamportant exampkeof the third gneration
semiconducting polymerA PDDTT:PGsoBM based photodetector reported by Gong et
al. exhibits an amazing response spectrum from 300nm tori50ith ditectivity

greater than ¥0cm HZ*W'* and a linear dynamic range larger than 10QmdBking it

even better than any inorganic photodetettor.

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

Poly[(9,9dioctylfluorenyt2,7-diyl)-co-bithiopheneF8T2) is another third generation
co-polymer. The F8T2:PCBM photodetector shows good performartbedark and
underdetecton. A cutoff frequencyf 50MHzis reachedinder reverse bias voltage of

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

1.1.3.4.4Advantage and limitation of organic photodetector

The advantageof organic photodetectors include good affordability, flexibilityinige
able to cast or print oalarge area with low cost. The potential of tuning the characters,

22



such agesponse spectrum, colour, or et&msparencys also very attractive. However,
most organic photodetectors are still considered as low performance cdnapare

inorganic (Si, GaAs, InP, ejphotodetectors.

1.2 Essentialcharacteristics of photodetector

1.2.1Relationship between photodetector and solar cell

Organic solar cell and organtiotodiode photodetector are essentially the same: they are
photodiods. In both the photodetectors and solar cells, the carriers are generated out of
light absorptionIncident photoaexciteelectrondrom lower energyevel to a higher

energy levelthus electrorhole pairs are generatethecarriers result in a photocurrent,

holes move toward the anode, and electrons toward the cathode

When the photodiode is usedghotovoltaic mode (solar celthe photocurrent flowng
out of the device is restted and a voltag®uildsup. 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 curretiteophotodetector is measured
and is proportional tthe light intensity The reasom reverse bias is needed is that it
increassethe depletion width of the-p junction, which increasahe frequencyesponse

of the device by decreasg) its capacitance.

1.2.2Important characteristics of photodetector

Unlike solar cells, which focus almost ordynthe energyonversiorefficiency, the
performance of a photodetectetieson many characteristics. Quantum efficignc
response speed, noise, response spectrum and linearity are some of the most important

characteistics of a photodetector.
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1.2.2.1Quantum efficiency

Quantum efficiencys defined asbsorbedncident phodn to converted electraatio. ?’
Ast he absorbed incident photon is hard to m

defined as shinephotm to converted electron ratio.

The external quantum efficiency depends on three factors: taow photonsare

irradiateontothe semiconductor; howanyphotons are absorbed and converted to

carriers and how amycarriers reach the outer circuit before they recomiguantum
efficiency is no doubt i mportiymfta, because

photodetector.

1.2.2.2 Regonse speed

The time deady of the incident light to arlextrical signal is the response speed of a
photodetector. It is measured by sending light mils¢he photodetector, amleasuring

how fast the photodetector can resptmthesesignals.

There ae two factorghataffect 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 equpaaddiet
resistance that includes the parasiisistanceé Response speésithe key for the

frequencybandwidth of a photodetector.

1.2.2.3Noise

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

noise.

In a photodetector, shot noise is assodiatigh the particlar nature of photond-or this
reasm, the number of photons isaartain, but exhibits detectable statistibattuations,
which is the source of shot noise. The shot noise cannot beedb@dause of its theory,

but 1 toés wusually not a big issue unless th

Dark current is the current signal that the photodetectobexhi s i n t he dar k.
bi as | eakage c u rforie The dark cusrentasrdoettontbe thermah me
generated electrehole pair which are swept by the voltage bias. The dark current is
strongly depnding on operation temperatw@ lower temperature can reduce the dark

current.

The thermal noise ia result of thermal agitation of carriers. It is also knowddadmsson

Nyquist noise The power of thermal noise is given by:

Equation 1-1

0 1Q°YY

Whereb stand forvoltage variance (mean square) pertd of bandwidthkg is the
Boltzmann's constant in joules g€elvin, T is the restor's absolute temperature in

Kelvins and R is theesistanc®f the resistor.
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1.2.2.4Response spectrum

Response spectrum is the wkarggth range that photodetector can responseAs.a
photodetector will responohly to photons with energy higher than its band gap energy,

the band gap energy, therefore the cubff energy of the photodetector.

Inorganic photodiodes, like $hotodiodes, have a certain afiitenergy of 1100 nm. On
the other hand, the cut off energy of an organic photodiode can be modified by changing
the semiconductor material. This ghan advantag for organic photodetectors as

infrared photodetectors.

1.2.2.50ther characteristics of a photodetector

Stability under the operation condition is very important for a commercialized
photadetector. Fidelity, which defined lilge reproducibility for the waveformf the
incident light of a photodetector,very importanfor some utilizatios. Thelinearity of
a phot o awputdeodightntergsity is also a concernh@ range of the linear

operation wavelength of a photodetector is called the dynamic range.

1.3 Chirality and chiral transfer

1.3.1An introduction to chirality
Long before the exi slane polarezeddght wasHirst discoverdd i c h i

by Malus (1809), a French physicist. Laier1911, another French scientist Biot
discovered that a quarplate can rotate the plane of the polarized light. Furthermore, he

found that some quartz plateanturn the plane left while others turn it right.
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In 1848 the geniud.ouis Pasteusuccessfully manually spectat2dlifferent types of the
crystals ofthe sodium ammonium salts of){-and ¢)-tartaric acid, using tweezers and
lens, whichareformed from slow evaporated liquid solution of wine caskets. Pasteur
discovered thatyvhenhedissolveal these two typesfa@rystals, one solution rotatdse

polarized lightto theright while the other solution rotated ttee left.?®

AR/

N L/

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

The word Achiralo first came out in 1884 wu
Greek fAcheiro, means hand. ). | nstricty/6 0 s , Mi s
def i ned Hadngnoplank, centeam alternating axisymmetry, plus at most

one axis of rotation.

1.3.2Chiroptic

1.3.2.10ptical Activity
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Chiropticalactivity is a phenomenon when polarized light intesagth a chiral
substance, which can be different between the two enantiomers of a chiral compound.
Optical rotatory @spersion (ORD), circular dichroism (CD) and circular polarization of

emission (CPE) are some of the aspecthobpticalactivities.

Beforeexplaininghow the chiral compounds interact with polarized light, a brief
introduction to polarized light is stated helrgght is anelectromagnetic radiation which

is a representation of tirseependent electric and magnetic fields. In ordinary light, or
isotropiclight, thelight randomly polarizedWhen 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, thevalisone

direction oftheoscillation 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 tfie same intensity.

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

wave?®
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As a characteristic of the enantiomehem linear polarized light pass througlehiral
compoundenantiomeronehanded circular polarized ligbt the linear polarized light is
more favaired so the velocity of, say right circular polarized lighsl@aver than th left
circular polarized lightAs we know that the refractive index n equals @ a particular
medium where is the velocity of light in the medium anglis the vacuum light velocity,
the n will be greaterthanng. As a resultwhen viewed towards the light sourtiee
outgoing linear polarized light will be clockwise rotatey a n awhgrind gnU]

the medium is called to k®rcular birefringent and having optical activity.

1.3.2.20ptical Rotatory Dispersion

Themeasurementfdhe optical rotatiorof a sampleas a function of wavelength, is

called optical rotatory dispersion (ORD).

Figure 1-22 is an example of ORD curveh& cross point ahe ORD curve is very close
to the maximhabsorbance of the sample, which also melaats at that wavelength, the
sample is optical nulAlso, a maxima, a minimum and an inflection point are exhibited
in the curve. This anomaly of the curve is called Cotton effé#¢hen the curve

increass as the wavelength decreasand then decreasédhe curve is called positive;

when the curve decreasas wavelength decrease it 6s cal l ed negati ve

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®

1.3.2.3Circular Dichroism

Circular dichroism (CD) is anothehiropticphenomenon discovered latert 6 s a
chiropticphenomenon that is observed in the chiral materialsramsparent region of
their absorbancepectum. The different absorption of lefand righthanded polarized
light of a chiral material comes from the electronic transition ottueal chromophore.
CD reflects thenisotropicabsorption of circular patized light of a chiral sample which

is aCotton effect too.

The sign of a Cotton effect of CD definedsimilar to ORD (see 1.3.2.23nd the

corresponding D of an ORD has the same signtlas ORD(positive or negative)
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Corresponding ORD and CD in the same wavelength range reflect thelsigahe

chromophore®*

1.3.2.4Chirality transfer

Achiral compound can showCotton effect in theiORD and CD when chirality is
induced by other chiral substasc&his phenomenon is called chirality transfenirality
transferwasfirst discovered in 1959, showing that the achiral dye compound
polypeptides emplex exhibiting optical activityat the absorbance region of the &/
1966, chiral solvent induced chirality to achiral moleauss discoveredby Bosnich,et

al. 3

Thechiral transfer is generated by some interaction between the ahinglound 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 polymeés an interestingesearch object since Khatri, et al.
discovered the optical activity of polyisocyanates devoid of chiral center. The chirality is
due to the helical conformation thaasinduced by chiral solverit. The poly(n-hexyl
isocyanatgis a polymer devoid of chiral centrén the presece of (R)-2-chlorobutane

which is akind of chiral solvent, the achirgloly(n-hexyl isocyanateshows CD activity

at 250 nm, which is transparent to the chiral solvent. This phenomenon indicates that the

achiralpoly(n-hexyl isocyanateobtairs chirdity by chirality transfer
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Figure 1-23 Circular dichroism spectra of poly(n-hexyl isocyanate) dissolved in optically
active solvents at 2-PshavConlyVl traviolet spectrunm

The chiral transfefrom chiral solvent to achiral polymer is a promgway to fabriate

opticaly active organic photoelectronic devices because this method avoids expensive
and complex asymmetrgynthesisMoreover thewell-studed photo semiconductor

polymer can be used directly to ensure the successful fabrication of the device, and avoid

unnecessary optimizations.

1.3.3Current method to detect circular polarized light

1.3.3.1Circular polarized light detecting in nature

Long before humasdiscoveedcircular polarized light (CPL), animalgereable to
detect CPL and utilize CPfior theiradvantageThough CPL is not common indture,
scientists foundhatsome kind ofcarab beetleeflects only lefthanded polarized lighf.
The mantis shrimp, which ianextremely colourful yet aggressive creatasp has very

powerful eyes that can detect CRIn the top of the eye ofantis sirimp, there is a
32



biological quartemvave plate; under it, there are twdhmgonalrhabdomlayers that can
detect the property of linear polarized light. In this way, the mantis shrimp can detect all
four linear and two circular polarization componeigtging itself afull description of

polarization®’

1.3.3.20RD spectroscopy

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

opticalrotation The basic schems shown below:

Monochromator

concentration
C
Detector

Figure 1-24 ORD spectroscopy schem&

The linear polarized monochromatic light enters the sample, and the direction of the
|l inear polarized |Iight is rotated by a cer
acing as an analyzeihe ORD spectsxopy works with nomabsorbingsamplesor non

absorbing athedetecting wavelength samples.

1.3.3.3CD spectroscopy
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Circular dichroism (CD) spectroscopy is a spectroscopic technique where thetli@&D of
samples measured over a range of wavelength€D spectrosopy measures the
absorbance difference of ldfanded CPL and rightanded CPL of the sampleagiven
wavelergth. In aCD spectrometeg photo-elastic modulato(PEM) is used instead af
guarterwave plate, to generate CPA.PEM containsa piezoeleatc element cemented
to fused silicaand the silica can be driven to lmeefringentandoscillatingat aset
frequency, turning the PEM into a dynamic quarter wave plate that psléficleanded

and righthanded CPL

Maonochromator and
linear polarizer

PEM CD active

High intensity 4
medium

kgt source

Detoctor

Figure 1-25 scheme of modern CBspectrometer(ChemWiki)

The detector is lockemh to the frequency of theEM, so that the differential CPL

absorbancat givenwavelength, also known as CD, can thealculated.
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Chapter 2

Pr ojOdbgtecti ves

2.1 Organic photodetectorfor circular polarized light

Theprojectis aimingat fabricatinga simple, light weightflexible and potentially low
cost photodetector that can detactidentify circular polarized lightOrganic material is
used as the photgemiconductor of the photodetectoiatthieve dightweight and
flexibility attribute; a single layeneterojunction structure e&dopedto keep the device

simple and reliable.

The basic theory of therganic photodtector for circular polarized ligd based on the
circular dichroism property of the phesemiconductarThe absorbance valuestbtleft
handed and right handed circular polarized light of the material are slightly unequal,
resultingin the unequabutput voltage or current value, therefdiee left handed and

right handed circular polarized light canibentified.

The aganic photodetector for circular polarized light CPL sensitive photodetector)
can be used as a special way of communica@acular polarized light can be

modulated to carry information, not only by frequency or intensity, butogiso
polarization propertyAs circular polarized light is very rare in nature, the photodetector

can also work as a selective sensor to detectaedesigned objest
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Chapter 3

Experi ment al

3.1 Photodetector using ptically active polythiophenewith chiral side chains
3.1.1Material

3.1.1.1Polythiophenewith chiral side chains

As mentioned in 1.1.3.4.2, Polythiopheresa kind of very good organic optical
electronic material, whichrevery well studied as the active materiabimorganic
photodetectoWhena chiral group isubgituted on the $osition of thiophene, the
polythiophene usually shows optical activityaking it a potential active material 6GPL

sensitivephotodetector.

Lemaire et al. introduced the firsblgthiophene with chiral side chaiis 1988 The
polythiophene Figure 3-1) was studied tastereoselectively recognize chlianions.
Later in 191, polythiophene with a free amiraxid sidechainwas reported with circular

dichroism activity>°
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Figure 3-1 Polythiophene with chiral sidechains(Lemaire et al.)
In 1996, gpolythiophene with malkyl sidechainwasreported byBidan et al. Figure 3-

2) showing significant CD in solution and solid stdfeThe good crystalline property

and optical activity make it a promising electro optical materiahfdriral photodetector.

o
S
n

Figure 3-2 Poly3-(R-3',7'-dimethyloctyl)thiophene *
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Thepolythiophene with ahiral alkyl sidechaid poly3-(R-3',7-
dimethyloctyl)thiophene (chiral PT, or cPT will beedsas names for this compound),

which obtainedfrom Dr. Guillerez is the actie material othe photodetector, used as

received.

3.1.1.2[6,6]-Phenyl C61 butyric acid methyl est&fxCBM)
Reported if.995*, PCMB is a soluble form ofullerenes blended witconjugated

polymers with nanparticles such as C60 that has been fourimbta good electron

acceptor in organic photonics.

The 99%purity PCBM usedn the project is received from SES reseaiscbhown below.

Figure 3-3 PCBM

3.1.1.3Indium Tin Oxid€ ITO™ transparent conductive coated glass
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Indium Tin Oxide(ITO) coatedglass is used @sansparentonductivesubstrate. The
35mm 25mm glass slides are received from luminescesa@blogy The following is
the manufacturingetaik provided by the manufacturdihe ITO is deposited onto
polished soda lime float glass in two standard smooth thickaegpging 9~15 ohms per
square and 4~6 ohms per square. Then B#@rier coating is deposited between the ITO

and glass.

3.1.1.4Solvents

Chloroform, certified ACS, fnm Fisher Scientific.

3.1.2Instruments

Laurell Technologie$VS-400-6NPP Spin Coatas used for solution processed device
fabrication.VWR 1410 Vacuum Oveis used for préneating of substrate and annealing.
Kurt J. LeskeOrganic Thin Film Deposition & Metallization Systamused for the

metal electrode depositioKeithley 4200SCS Seniconductor Characterization System
is used foelectronic characteristicdasco <B15 CD Spectroscope is used for CD and

UV-Vis measurement of the photodetectors.

Fabrication experiment procedure

3.1.2.1Device design

The basic structure of th@PL sensitivgphotodetector is a heterojunction organic
photodiodeThe substrate igaglass slide|TO is precoated as transparent conductive
layer. Theelectron donor and acceptor chiral polythiophene and P@&Mnixed in
solution and then cast on the ITO layerthe heterojunctioractive layerLast, silver is

evaporated onto the active layer as the metal electrode.

39



Silver

Chiral Polythiothene : PCBM

ITO

Glass

Figure 3-4 Scheme of the photodetector

structure

3.1.2.2ITO patterning

ThelTO precoated glass slide nexi be patterned to make the photodiotee

original size is 20mm 25mm. The patterning is done by coveraxggertain area of ITO

by tapecoveing it with powdered zinc metaind theimmersng the slide into 1 mol/L

HCI solution for 10 minutedAs ITO isametal oxide, theraa not covered with tape

etched by acidSubsequentlythe slide is washed thoroughly with water, and the covering
tape is removed. Then the slidgewashed bgcetone for 3 timeandimmersednto

toluene, ultrasonic for 10 minutes. 10 minutesilofisonicatiorrinse by acetone and

distilled water aréhenperformed and he slide is blow to drywith 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.

3.1.2.3Active layer
Chiral PTandPhenylC61-butyric acid methyester(PCBM) are used as electron donor

and electron acceptor.

20 mg cPT and 20 mg PCBMeadissolved in 1ml chloroforrndstirred overnight A

dark purple colowedsolutionis formed. The solution is casted onto the patterned ITO
slide using spircoatng process The spincoater is programed to 10@®m, 1000 rpm
acceleration, timing for 60 seconds. ®wdution is dropped onto the ITO slide to form a
liquid film, andspin-coatingafterwardsA uniform, transparent purple film is formed

overof the slick.

3.1.2.4Deposition of silver electrode

The slide fronthelast step iplacedunder vacuum for 10 minutes to evapotae
solvent, therphysical vapar deposition is used under higher vacuum (<17I@bar).
The deposition rate is 1.5 gersecondthe thicknes of silver is 100 nmThe deposition

area is shown belowE{gure 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 capacitanaed 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 inducedhiral F8T2

3.2.1Material

Poly[(9,9dioctylfluorenyt2,7-diyl)-co-bithiopheneF8T?2) isa popularconjugated
polymer thatvaswell studied as the active material for phototransistors, ph@&cides
and polymer solar cellsFigure 3-6) The F8T2 is purchagdrom Luminescence

Technology Corp., molecular weigist20000~60000 anitlis used as receivd.

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

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

Figure 3-7 R (+) -limonene and S {) i limonene

Limonene is a chiral moleculé-igure 3-8) The R (+)i limonene is naturally found in
citrus fruits,while the S {) 1limonene is syntheticlhe racemic limonene =lled
dipenteneLimonene is wildly used as fragranténsmetic producigleanser, and

medi ci ne. Il tds al so be cbhbowdegradgblsohent.e and

The R (+)ilimonene, S+) i1limonene and dipentemneerepurchased from Alfa Aesar.

Both enantiomers are in 97%writy.

3.2.2Instrumental

See 3.1.2 instrumental

3.2.3Fabrication experiment procedure

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

described at 3.1.3.1. The major differencthespreparation dheactive layer:

3.2.3.1Active layer
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Similar to chiral polythiophentheactive layer, an F8T2: PCBM blend, weight ratio 1:1,
is used asheactive material for the photodetectblowever, because8T2 and PCBM
are not soluble in limoners room temperature,@roces a |l | e d -cichaotti rsgd ni s

performed to fabriateuniform limonene induced active layer.

10.0 mg F8T2 and 10.0 mg PCBM aveighed and put into 30 mlround bottom flask,
then 1.0 ml of limonene (RS- or racemic) is added into the flask. The flask

connected with &iebig condensem oil bathandh e at e d {tFgurda38p e C.

N

-

\d:\

Figure 3-8 Apparatus setup

When the temperatureread. 50 eC, the mixture turned to
solution.The patterned ITO glass slides are-peated to 12@ C i nquicklye n ,

transferred to the spinning substrate of the-spiter. Thera preheated to 15@ Ghort
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Pasteur pipettés used to quicklyransfer the hot F8T2: PCBM solution to the ITO
patterned slide, and spaoatdat 1000rpm for 60 seconds. A yellow to orandairly

uniform film is formed.

After placingthe sample ivacuum for 10 minutet® remove any solvent (limonene)

residue, the slide is deposited with silusingthe same procedus3.1.3.4.

3.3 Photodetector using limonene induced chiral P3HT

3.3.1Material

The P3HT was prchased from RkeMetals Inc. The molecular weight (Mw) is

approximately 570K and 9194% regioregularvia NMR. It is used as received.

3.3.2Instrumental

See 3.1.2ristrumental

3.3.3Fabrication experimental procedure

The device design of limonene induced P3HT photodetector is simitzattdescribed at

3.1.3.1.

3.3.3.1Active layer
20.0 mg P3HT an®0.0 mg PCBM are weighed into a 10 ml vial. 1.0 r{(S limonene

is added to the vial, and stirring us

becomes a homogeneous solutgat.
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Thepatterned ITO slideare preneated 0 9 OrepCe,r ftohrem t-beafihogospnr

3.2.3.1 to cast the P3HT limonene-gel. The devicas thenplaced in vacuuno

remove any limonene and depeslisilver as described 8.1.3.4.

3.4 Electrical characteristicsmeasurement

Electrical characteristics of the photodetectors@easured by Keithley 4200SCS
Semiconductor Characterization Systébarrentis measured undersavept voltage bias,

from -30V to 30V for F8T2 devices and frofhV to 5V forP3HT devices. All the

devices are measured under dark first, and then measured under a solar simulator light.

The light intensity is approximately 100Wticn.

3.5CPL response test of the photodetector

3.5.1Test principle
In the following experiments the CPLsensitive photodetector is the photodetector
giving a differentialoutput currenfor left-handed CPL and rightanded CPLBecause

the output currendifferencecan be very small compatéo overall output and noise, a

lock-in amplifier is usedo amplifythe output current signal.

3.5.2Laser setup
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Figure 3-9 Laser setup

The laser source is circular polarized light (CPL) at 532 nm. It is geddram a
coherent Verdi diod@umped laser, followed by a quarteave plate. Thevattageof the

laser is 0.05w.

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

polarized lightthat its polarization direction is periodically changing
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After the beam splitter, the first beam passes through a quaater plate. The outgoing
light, whichis 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 rotatianzgeo, passes a chopper
to reach the silicon photodetector. The chopper and the silicon photodetector are
synchronized by a loeln amplifier to amplify the reference sigralthe silicon

photodetectar

3.5.3Circuit setup
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Figure 3-10 Circuit setup

A reversed voltage is added to the CPL sensitive photodetector, then the cungut is
into the lockin amplifier #1 The output voltage signal of the silicon photodetector is
input into the lockin amplifier #2, while the frequency of the choppethis reference
signal. The output signal of the leak amplifier #2, which is the amplified silicon
photodetector signal, is input to the reference channel of theraokplifier #1.The

output channel is connected to a PC for data collection.

3.5.4Light polarization calculation
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Assumingthe light source is lefhanded polarized, and the quarter wave plasatedast
axis horizontagland assumethe fixed polarizer has the same directisritee start
position of the rotting polarizerNow we use Jones calation to see thatensity 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

TheJonesnat ri x of the rotating polarizer with

Equation 3-2

AT O OEAIO
OFAIfO OEf

The Jones matrix of the quart:er wave pl ate

Equation 3-3
AT ® BE3 p EOEAIO

Z z oo e
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The light that shine to the CPL sensitive photodetector:

Equation 3-4

Al © BE3 p EOEAITO AT OFAIfOWMC p

p EOEAI[OOE] BRI ©® OFAIJO OEfi ¢ 7

Incident lighton the silicon photodetector:

Equation 3-5
AT OFAITO p m W p
OFAITO OE[ T T ¢ Q
ne AT O EJRBRI[O
C T

Firstly, wefix the quarter wave plate (QWP)30 Tt

p
Tt

oMY ™o o6 O ¢ Qo & QIEQQO

PO EIAE EBO OE UT1TEG AIAIOA 8 E UA A
c

Q
WM e— ?I“Or]owooQas? D Qw a QIEVQO
Q

NI N0
NI N0

pISMa WD QQ&HE QRO G Hi8 QG QQ

Similarly:
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We can calculate the result when the rotagiotarizerrotatesfrom 0 to2 for3z 1T

Table 3-1
d = | Jones vector| Polarization| Jones vector| Vector Vector
of equatimm 3- | of Jones | of equation 3 | length of | length of
4(setz T vector of 5 equation | equation
equation 3 34 35
4
0 p Linear p 1 1
! T
14 g gQ Left- P Po 1 i_
handed ¢S g
P P T[
¢ C
" 2 T linear T 1 0
p T
3/ 4 g %Q Right P Pg 1 ﬁ_
handed ¢ S g
p B"Q T
¢ q
p Linear p 1 1
T T
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5°/14 P Pqg Left- P Pg 1 P
E) E) handed S nC g
=
¢ ¢

37/ 2 T linear T 1 0

P T

71 4 P P Right- p pP. 1 p
E Eqn L A0) =
E) E) handed S nC 78
L 0]
¢ ¢

2 7 p Linear p 1 1

T T

Generallythe sum of the squares of the absolute values of the two components of vectors
calculated byequation 34, which equad thelight intensityirradiateto the CPL sensitive

photodetector is shown below:

2.0

P
o

Relative light intensity
'——
o]

= :
@)

-6 -4 -2 2 4 6

mputed by Welfram Al Rotating angle

(radian)

Figure 3-11 Relative light intensity calculated usingequation 3-4 (Constant 1)
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And thesum of the squares of the absolute values of the two components of vectors
calculated byequation 35, which equal to the light intensityradiateto the silicon

photodetector is shown below:

Relative light intensity

2 3 4 5 6
[cos 2" 2L zasinzan ~2 wherexio - RoOtating angle framsi

(radian)

Figure 3-12 Relative light intensity calculated usingequation 3-5

3.5.5Data collection

In the laser setup, the axis angle of the quarter wave plate can be changed. By changing it,
the righthanded and lefhandedCPL can beobtainedat different phase of the reference

signal. For instance, if the quarter wave plate axis angle is horizontal, thareft

CPL will appear atthemaxima”™ / 4 of the reference signal;

placed at horizontal” / 4 , -bhahded CPlewilltappear at the reference maxima.
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The output signals from the loack amplifier#1 (voltageor current) are recorded while
the quarter wave plate rotates from O degree (fast axis vertical) to 360 degtiees,

EasySynt” USB oscilloscop@andexport acommaseparated valug¢€SV) data.

3.5.6Test setup conclusion

In conclusion, the light intensity shilé o t he CPL sensitive photo
changewith time, but the light polarization chargfeom left-handed CPL to right

handed CPL at a ingteerotadah ofdhe polarizér)c Thenlight idtensity

shinglatt he si licon photodetector oscillates f|
(consideing the rotation of the polarizgrwhich is the same period as the polarization

change of the incident light to the CPL sensitive photodetelthors, we can use the

silicon photodetector output as the reference signal of thenoakplifier,to amplify

the signal corresponding to thecularpolarization
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Chapter 4

Resul teBsands Don

Figure 4-1 to Figure 4-3 show the CD and UWis spectra of th& kinds of CD active

polymers.

Theabsorbancepectrum ofimonenenducedP3HT shows a redhift compard to good
solvent caste@3HT film, but matchsthespectrum of annealed P3HT. This indicates
thatt h e 1 hcoota tsipnignd pin @simélasceystallimtgofiR3HT 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 chiralside chain (chiral PT,cPT)

Photodetector
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CD Spectrum of Limonene Induced P3HT
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Figure 4-2 CD and UwVis spectra ofLimonene induced P3HT:PCBMPhotodetectos
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Figure 4-3 CD and UwVis spectra of Limonene induced=8T2:PCBM Photodetectors

59



Energy / eV

2 3 4 5 f z 3 4 5 8
e S L Mo P
a5 L UV-vis absorption | U'V-vis absorption
(a) (P3HT Randam) o4t () {P2HT Regular / 5i)
Ll | | |
§ oar 7 i
£
- 015 i
Al
£ - 170 °C
m
£ o010
b
- non-annealed| ;| nan-annealed|
< apsk -
Solution Solution
0.00 FETPTTYPTEPITIIY: oLl PP PPT FPPIT TR FPPPT PR PPPRT TP Py
300 00 530 600 700 300 400 500 500 00

Wavelength / am

Figure 4-4 UV-vis absorption spectraof P3HT with/without annealing *?

In order to normalize the CD efch devicekuh n 6-factor®, which is the ratio o

sampl eb6s Chceasigndlsisaded or b a

Equation 4-1

0 is the absorbance of Idfianded circular polarized light and is the absorbance of

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

The CD is measured adlipticity ( dn)mdeg (1/1000 degreegnd it can be easily

t r ansf oA byéhd eqaaton:
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Equation 4-2

[ TAACpnminl p%}gn&!

Equation 4-3

Table 4-1 CD data of limonene induced polymers

Wavelength Peak CD  Absorbance ng

at Peak CD at peak CD
R-limonene induced P3HT 557.3 -5.02E+00  0.352 -4.32E04
S-limonene induced P3HT 563.3 3.10E+00 0.419 2.25E04
Dipentene induced P3HT 555.4 -1.40E+00 0.458 -9.25E05
R-limonene induced F8T2 517.1 -8.89E+01 0.827 -3.26E03
S-limonene induced F8T2 524.6 4.81E+01 0.998 1.46E03
Dipenteneinduced F8T2 515 6.26E+01 1.357 1.40E03

Chiral PTdevices show significant Cotton effect at its absorbance band. The CD
spectrum shape armygyare relatively repeatable using the fabrication method described at

3.1.3.

Limonene induced P3HT deviceBow weak yet obvious Cotton effethe CD and UY

Vis spectra o5-limonene induced P3Handthe 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 strongdobgfeffect, with ay.qhigher
than 1E03, which is close to thgq of polythiophene with covalent connected chiral

centre.

As the fabrication procedures of the limonene induced polymer devices are complex and
inaccurate due tlack oftemperature contr@nd fast crystallization, the characteristics

of products are inconstantheg.qvalues and spectrum shape can be very different from
one batch to another, one spot of the film to anotkeR-limonene induced F8T2 is
recorded CD signal of 645 mdeg amgof 1.36E-02, which isabouttwice as high as of

cPT device. However, the sample is not repeatébke Appendix)

Moreover, the polarization of spectrum can be reversed when thdisanene induced
device at different spot are measur€lis can be a result obnuniformfilm, 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 Surfacemorphology of active layers
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Figure 4-5 AFM image of R-limoneneinduced P3HT

Figure 4-6 AFM phaseimage of Rlimoneneinduced P3HT
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