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Abstract

The optical properties of polymers attract considerable attention becalugbkeir potential optoelectronic
applications, such as in polymer-based light-emitting diodes, ligittrekchemical cells, and solar cells. To
optimize the performance of optoelectronic and photonic devices, sogreep®lare modified through the
introduction of specific end groups, copolymerization, grafting, trdssg, blending, and hybridization with
other inorganic polymers. All these techniques affect the optical grepef the polymer. This paper reviews the
fundamental emission and optical properties, such as absorption, reficatid polarization effect, of numerous
polymer materials. These aspects are important to be consideopdoelectronic devices.

Introduction

Polymers are widely used in electrical and electroniciegdmns. In early works, polymers have been used as
insulators because of their high resistivity and dielegiraperties. Polymer-based insulators are used in ekdctric
equipment to separate electrical conductors without m@ssurrent through themselves. The insulator
applications of polymers include printed circuit boardsewincapsulants, corrosion protective electronic devices,
and cable sheathing materials [1]. Polymers have severantdpes, such as easy processing, low cost,
flexibility, high strength, and good mechanical propertlasthe microelectronic fabrication industry, polymers
are used in the photolithography process.

In 1977, Shirakawa et al. [2], macdiarmid [3], and He&jfind that the conducting polymer polyacetylene can
be used as a dopant and change the conductivity of the datedam Since this discovery, polymers have been
extensively studied as new materials for electronic @ptdelectronic applications. To enhance the conductivity
using polymers as well as to create new optical andrielgicproperties of polymer, four process of doping have
been identified, including chemical doping, photochemical dppétectrochemical doping, and interfacial doping
[3, 4]. Optoelectronic and electronic materials are gaginnterest because of their implementation of various
functions of light, such as modulation, generation, switchémgl detection in the optical waveguide structure
formed on the substrate [5]. Polymers can become suitalbéeiats for optoelectronic and photonic applications.

Much progress has been made in understanding the fundamentataphgsd chemical properties of
optoelectronic and photonic devices to optimize device effigiedowever, the correlation between the physical
and chemical properties is not fully understood. One ofrib&t important characteristics is the optical propsrti
Optical characterizations of polymer such as optical g@biso; luminescence spectra, infrared dichroism, and
Raman polarization are the most vital tools used to exattménelectronic properties of polymers [6-8].
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These techniques rely on the transition of electrons fr@rhighest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO)or the nonlinegtioal properties of polymeric material. To
optimize the performance of optoelectronic and photonic devpmymers are modified through the introduction
of specific end groups, copolymerization, grafting, cinksig, blending, and hybridization with other inorganic
polymers. In copolymers, the monomeric unit may be arranged raydaitérnating, blocked, or grafted.
Another polymer can be joined with other polymers by crossigki

Polymer blending is the simplest, most well-known techniguedlymer engineering for creating new solid
materials with more enhanced properties than homopolyrReigmer blending with other polymer materials or
small molecules such asanthracene, pyrene, or pyridinecesasperformed [9].Polymer materials have also been
mixed with other salts or hybridized with other inorgamamoparticle materials to modify the optical and
electrical properties of the polymer system. All theshneues affect the optical properties of polymers. This
review is aimed to understand the fundamental optical epties of polymer materials widely used in
optoelectronic and photonic applications. In section 2, we retimwvbasic device operation and polymeric
material which been used in optoelectronic and photonice®

While in section 3, experimental and physical description trastterize the optical parameter in polymeric

material. The optical properties such as optical absorftand, dispersion behavior, anisotropic, excitation and
emission spectra have been explained in section 4. Téwt ef conjugation length in Raman Spectra also had
been discussed in same section. By knowing the fundamentehloptoperties of polymers, we believe that

devices operation can be improved and further developmentbecanade. The studied optical properties of
polymer materials include absorption, reflection, and eonsgroperties, as well as basic optoelectronic device
operation.

Polymeric Material and Basic Operation in Optoelectronic and Phatbevices
Polymer Light-Emitting Diodes (pleds)

In 1987, Tang from Kodak reported low-voltage organic lightdemgtdiodes (leds) [10]. Three years later,
Burroughes invented the first pleds using poly (phenylenevinyle®))(FL1]. Since then, research on pleds has
rapidly grown. Basically, pleds consist of a hole transfayer (HTL) and an electron transport layer (ETL)
sandwiched by an anode and a cathode. Adachi proposeddtetiats for the HTL must have the abilities to
facilitate a low driving voltage, block the electron passmgugh the emission layer which known as electron
blocking layer, and prevent quenching molecular exciton [12].skmle HTL/EBL, aromatic amine derivative
has widely been used and it shows good thermal stability[13].

Non-conjugated polymers such as polyaniline (PANI) and polyzalbdPVK)have also been identified to be
suitable candidates for HTL/EBL[14, 15]. Currently, xig@onucleic acid (DNA) has been used as EBL in
PLED application or known as bioled. The luminescence ieffay is higher in LED using DNA as EBL
comparedto PVK and poly(methyl methacrylate) (PMMA)[16]DNsed in EBL is normally extracted from
salmon spermdna to perform DNA complex. The multilayer ediomade from tris-(8-hydroxyquinoline)
aluminum (Alg) as the emitting layer shows low turn-on voltage (~ 5V), hibiency, high brightness and also
good white color stability[17].Madhwal et al. Reported tl@im®n DNA as EBL also enhances the performance
of poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylenevinylene] (MBRY) and poly[9,9-dioctyfuorene] (PFO)-
based light emitting diode[18].

They also proposed that EBL made from DNA has highrpatiebarrier which could trap electron injected from
cathode. The recombination with hole injected from anodedcprdduce high luminescence intensity.On the
other hand, the ETL materials must have excellent ETLeaniton confinement [19]. When voltage is applied to
the anode, holes are injected to the HTL and electronsjaected to the ETL, as shown in Figure 1. To ensure
that the charge carriers are effectively injectedati@de must have a high work function and fit with the HOMO
HTL and vice versa at the cathode [20, 21]. The carrieesirgected either through the Fowler—Nordhem
tunneling mechanism or Schottky thermionic emission [22]. Elestand holes migrate apart from the electrode
to form excitons at the polymer emitting layer. The emittayger for confining the exciton is the key factor for
color emission in PLED.The suitable material for emgtiayer must consist of conjutgd n-bonding.
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This material can be small molecule oligomer which knogvaraall molecule light emitting diode (SMOLED) or
polymer molecule-based PLED. In fabrication process, ssmall molecule has poor solubility, therefore
vacuum vapor deposition technique is the best choice tac&éabrSMOLED. While, PLED can be fabricated by
solution process namely spin coating or ink-jet printingciwhare suitable for low cost and wide area display
application. Devices-based multilayer structure SMOLEP more complexes and sophisticated architecture
compared to the PLED which it depends on the molecular emgaqgyalignment [23]. There are two types of
exciton based on the quantum number, namely, singletiptet excitons.

Normally, triplet excitons tend to undergo non-radiative rdmoation, which results in joule heating in pleds
[24]. To avoid this phenomenon, organic ligands such bis[&€Rzothienyl)-

Pyridinaton,®)iridium (acetylacetonate) have been used to tranbeetriplet state to thilevel of Ir and
generate electro phosphorescence[25]. For electro phosplnce light emitting diode, phosphorescence
SMOLED has shown a higher efficiency compared to thegdtwescence PLED[26]. In order to have both
advantages from SMOLED and PLED, a hybrid LED has beeelaiged to enhance the stability and efficiency

of the device.
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Figure 1: Schematic of PLED

The choosing of an anode material is very important indating PLED. The material should have high work
function to ensure the hole can be injected into the orgaaterial. Besides that, the anode must also be a good
transparence conducting material for its application ingudtaic and emitting-based devices. It is well known
that in OLED and PLED, itohas widely been used astthmsparent conducting electrode. Tang and Van
Slayke[10] were constructed the first novel electrolumieescdevice by using ITO as the electrode. Research
done by Zhu et al. [27] showed that ITO thin film was 80&hdparent especially for visible light. A research
group from Princeton University [28] also used70% transparBroanthe top and low contact of their device.
The driving voltage of PLED also depends on the electragistaace and has higher turn-on voltage when the
electrode resistance is higher[28].
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Figure 2. (a) the transmission spectrum for ITO and AZO (b) bngbs in PLED by using ITO and AZO as the
anode[29]. Reprinted from Physics Letters A, Vol 346, Dengtwi Zhenbo Deng , Ying Xu, Jing Xiao,
Chunjun Liang, Zhiliang Pei, Chao SAn, Anode with Aluminum Doped on Zinc oxidethin Films For Organic
light emitting devicesPages 148-152 , Copyright (2005), with permission from Elsevier
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Beside ITO, aluminum doped zinc oxide (AZO) has alssnhesed as theanode. If small amount of aluminum is
doped, zno can tune the conductivity from an n-type to g@-$gmiconductor. AZO has a potential to replace
ITO because it is less expensive and non-toxic comparéxe @ ©. The different of brightness performances of
OLED spectrum transmission between AZO and ITO can bersio®igure 2[29]. The contamination of AZO
in the organic material is lower than that of ITO.Sl because in ITO, the diffusion of indium easierctuo
and hence contaminates the active layer of OLED [21]. Howee film stability has still become the main
issue in AZO.

Polymer Light-Emitting Electrochemical Cells (lecs)

Another type of electroluminescence polymer is lecs. Teeating mechanism of polymer lecs differs from the
two other important organic/polymer electroluminescentiogs, namely leds and electrochemiluminescent
(ECL) cells. In polymer lecs, the active layer consista hfminescence polymer blend with a polymer electrolyte
and an ionic salt. When voltage is applied to the active lélye charge is injected to the luminescence polymer.
At the anode, the luminescence polymer begins to oxidizeeatathode, the reduction process occurs (Figure 3).
The counterions from the electrolyte begins to reibiste near the electrode interface to compensate for the
charges exchanged during the oxidation and reduction of tiedscence polymer [30]. Then, electrochemical
p- and n-doped regions are created.

Once the junctions are formed, carrier recombinationirscin the active layer region. The movement of ions is
slow and depends on the ionic conductivity of the film. Thesiafso move during the transient junction

formation [31]. However, the luminescence of ECL devicebaised on the recombination caused by excited
redox species. Given the conjugate polymers in the p-hatwped regions, lecs make ohmic contact with one
another. An optical beam induced current is used to conifienp and n doping [32]. The minimum voltage (turn-

on voltage) to form in situ p-n junction is given by Eqg. (1)

E
va—L (1)
q

Where, is the energy gap of the conjugate polymer amslthe elementary charge. The active layer LEC must
have reversible oxidation and reduction within the potemtiatiow of electrochemical stability [33]. The current
on lecs consists of two components: an electronic contiibatnd an ionic contribution. Theoretical calculations
have shown that the junction in lecs consists of eitheadegrjunction or two doped layers separated by an inner
region of depleted ions (p-i-n junction) [34]. The ingetielectrons and holes recombine and emit light from the
insulating region, as shown in Figure 2. Lecs have highetr@i@minescencequantum efficiency than leds. Lecs
also display a lower operating voltage (<4 V) and a higher peffierency than leds [35, 36].

However, de Mello et al. Proposed that the distributionoofci space charges in the active layer cancels the
internal electric field and lowers the injection basi¢B7]. They also suggested that Schottky contacts form
between a metal and a luminescence polymer. The distribatioonic charges near the contact renders lecs
insensitive to the cathode or anode work function. MeanwRidss suggested that the LEC transport properties
are similar to those of mixed ionic electronic condutmised on Galvanic cells [38, 39].

PPWV+PEO+Lithium Salt

ITO Al

(a) (b) (<

Figure 3: (a) PPV blend with polymer electrolyte and alt. (b) Oxidation and reduction process in LEC. (c)
Recombination process. Redrawn and adapted from refereed30].
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Solar Cells

For the past decade, the active materials used for thedtdn of solar cells are mainly inorganic materials;h

as silicon (Si), gallium-arsenide (gaas), cadmium-telur(cdte), and cadmium-indium-selenide. Amorphous
silicon, cdte, and CI(G)S are more recent thin-fibtmhnologies in solar cells. Solar cells based on silicooust

for over 85% of all solar cells [40]. Even when the productiosts can be reduced, the large-scale production of
current silicon solar cells is limited by the deficit sbme components required, e.g., solar-grade silicon.
Photovoltaic hardly contribute to the energy market becaugeatfeetoo expensive [41]. An alternative is the
introduction of organic photovoltaic such as conjugate polyijd&s43Although organic photovoltaie exhibit
lower power conversion efficiency than inorganic solar dds46], they have the advantages of mechanical
flexibility[47], material stability[48], low cost, andrge-scale fabrication [49, 50].

The basic idea of photovoltaic devices is that the atomsemaconductor placed under sunlight absorb photons
from the solar radiation. If these photons are of sufftbieimigh energy, an electron in the valence band (also
known as thehomo) uses the absorbed energy to move up to the comdhacid of the semiconductor (also
known as the LUMO), thereby forming an exciton. Excitassdciation then follows. The electrons are collected
at the cathode (such as aluminum), whereas holes aretedlecthe anode (such as ITO). This process enables
electrons to move freely through the semiconductor tolestrieal contact, from where it is driven by a small
voltage through wires as current. Figure 4 shows the sciwenfigghotocurrent process in solar cells.

/ vacuum
level

Figure 4: Schematic of photocurrent process in solar cells

Nowadays, nanostructured materials became promising edeslidhat could provide a large area and high
efficiency of solar cells. Third generation solar cetisnpose of quantum dot (QD). The absorption of light in QD

produces multiple hole-electron pairs which are known as pfeil@éxciton generation, and thus generate

photocurrent in polymericsolar cells. There are threestyeQD solar cell configuration namely quantum dot

arrays in p-i-n cells, quantum dot dye-sensitized sadils (DSSC) and quantum dot dispersed in polymer solar
cell. For the type ofqd arrays in p-i-n cell, quantdats are arranged in inter-quantum dot spacing whiclecrea

electronic coupling, and thus minibands are formed to ajeantum transport in intrinsic region[51].

In the case of qddye-sensitized solar cells (dsscs),dtwesist of liquid electrolyte blended with an absorbance
molecule. In dsscs, electrons in dye molecules are éedfto a wide bandgapnanocrystalline material such as
tio,,zno and NBOs[52, 53]. A redox reaction occurs in the dye and polymer elgbtrelystem, and thus produces
electron migration through the external load. Meanwlisitdar cells configuration on QD dispersed in polymer
matrix composes of conducting polymer such as MEH-PPV[54}[Rahtethoxy-5-(30,70-dimethyloctyloxy)-
1,4-phenylenevinylene] (MDMO-PPV)[55] and P3HT[56]. Upon lightaapson, the carriers remain in QD and
collected through diffusion and percolation in nanocrystagiin@se to an electric contact to QD network[57].
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Experimental Instrument for Optical Characterization

The successful optical characterization of polymersiresjcareful sample preparation, attention to experiment
details, and cautious handling instrument. Given that @pticaracterizations are highly sensitive to impurities
and environmental conditions, serious precaution is requirédndling samples. Careful baseline correction is
also required to ensure data reliability.

UV-vis Absorption

Absorption spectroscopy is a technique wherein the absorptielectromagnetic wave is measured as a function
of the frequency or wavelength. The absorption process iaduteteraction between electromagnetism and the
sample, which can be interpreted through variationshé absorption spectra. An absorption spectrum is a
fingerprint of a molecule or polymer material. UV-visabsiarpis a commonly used analytical tool for studying
the interactions between electrons and radiation. Oottiex hand, infrared absorption is widely used to aealyz
the interactions between the vibration energy of bonds actr@nagnetic waves.

Literature on the instrumentation and technical aspefctsbsorption spectroscopy is extensive [58-60]. We
conclude that there are four basic components, namelyljgtitesource, monochromator, sample holder, and
optical detector. In general, optical absorption spectrophaoésrases either a single or double beam [65]. Figure
5(a) shows the simplest single beam which is easy tzeutind compactible. It consists of the four basic
components of absorption spectroscopy. A double beampas sh Figure 5(b), consists of two beams from the
same source divided into two optical paths. The first bpasses through the reference and second beam passes
through the sample. The main advantage of the double beam chsrthel reference material makes the
measurement more stable, precise and accurate compé#nedsingle beam channel[60].

However, one of drawbacks of the double beam channel ithefl ratio signal-to-noise which affected the
sensitivity of the system. In absorption spectroscopymatly two types interference can occur namely spectra
interference and interference from the absorption sjé6élesSpectra interference appears from the overlapping
line in monochromator. Interference filter are needelima the number of wavelength. Interference from the
absorption species involves thick or opaque thin film. loktkhin film, the absorbance depends on the optical
length path in the sample. To avoid this circumstadiffeise reflectance measurement with integrated splaare c
be used[67]. Derivative spectrophotometer is also one dfuiteble methods for avoiding interference due to
absorption species[68].
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Figure 5: (a) Single- and (b) double-channel UV-vispectrophotometers. Redrawn and adapted from
reference [65].

In the absorption process, the intensity of light decreabes wropagates in the medium as shown in Figure 6(a).
The ratio intensity lossd{ /1) isproportional with small changes in the samplekhessdx This relation can be
given by equation (3).

$ =—a dx (3)

Letdo is the initial or incident light intensity before entegithe medium and is the sample thickness. The

intensity absorbed by the sample can be calculated lgyratien equation (3) of both side as;
| dl X
—=-a IO dx

lo |

| =1,exp(~a X) ) (4
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Withi is the transmitted light and this equation is knowh.asbert-Beer laws. According to this law, the light
intensity exponentially decays with the sample thicknessstasvn in Figure 9(b). The coefficient of
proportionality in equation (3) and (4) is known as absareaoefficient and it measures how strong the sample
absorbs light at a specific wavelength.
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Figure 6 (a) The light absorption process in thin film (b) The nrmalized light intensity been absorb in the thin film as
the function of sample thicknesx with a = 0.5 m™

Ellipsometry and Optical Reflectrometry

Optical reflectometry and ellipsometry are non-destructivecmntbctless tests based on the interaction between
reflected light and a sample. The light reflected froolymer surface characterizes the material propetias
polymer, such as the optical constant, surface roughnesshiekidess. Optical reflectrometry is simple and low
cost because it uses non-polarized light as the opticaitesosuch as a tungsten bulb. Ellipsometry is more
complicated than optical reflectrometry. Ellipsometry ues effect of light polarization to characterize the
optical properties of a material. Therefore, the ursgnt must be carefully setup to investigate the change in
polarization state. The basic technical components oflgsaheter are light source, polarizer, phase inducer,
analyzer, and detector, as shown in Figure 7 (a)[69].

The light source for ellipsometry, which is commonly UV lhss deuterium light. Advance approaches use a
single-wavelength laser. A laser is an optoelectronic detleg electromagnetic waves by an optical
amplification process through stimulated emission. Tlpe tyf electromagnetic wave depends on the type of
active material used to create an inverse population &xttieed state. Angstrom Advance Inc. Use tunable lasers
as the optical light source, and the wavelength can betsdl[70].A polarizer is an optical filter that changes
state of polarization of an electromagnetic wave. Lightdmrized by changing the phase or direction of the
vibrating amplitude.

Polarizer’'s come in many types, such as calcite, ljngave plate, and wire grid polarizers [71]. Each podsr
converts the specific state of polarization to plane,telép left, or right circular polarization. To achiespecific
elliptical polarization, a phase inducer is used. A phadacer can be a wave plate, compensator, or phase
modulator [72]. The light reflected from the sample &dgred by a polarized-type analyzer. Rotating analyzer
ellipsometryusing a compensator has been developed fdimeadllipsometry measurements [73].
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Figure 7(a) Ellipsometry schematic (b) Basic reflectiomn thin film. Redrawn and adapted from reference
[69].

In the optical reflectrometryand ellipsometry, the purposthede measurements is to obtain the optical constant
and film thickness. Reflection or reflectivity is commpnked to measure this parameter. Consider in the simple
case, an incidence light propagates from ambient condititmrefractive indexn, to a thin film with refractive
index n, as shown in Figure 10(b). According to Snell’'s law, thédeat light will reflect in same medium and
refracted in the thin film. However, it may be agairaefed at pointy. This optical beam splitting creates
interference with the optical path difference, A equal to 2n,d. The total reflectance and thickness for this syssem
given by equation (5) and (6):

n_ RZ exdad)+ RZ exp(—ad)+ 2R, R, cosp,
= exdad )+ R2RZ exd—ad)+ 2R, R, cosp, (5)

i/,
= ' 6
2n, (4, — 4, )cos' ©)

n,—-n
WhereR, =—2—2 R =
n, +n,

a

nb - nc 47mdeOS€0') : . 1( r]a Singj
Py = , 0'=sin"| 2——
n, + N, A n,

Andi is a constant which create adjacent fringigem to Ao to Ai[69, 74].

Ellipsometryspectroscopy measures two parameters, patfieind4. ¥ is the angle tangent to the amplitude
Fresnel coefficient upon reflectigm ( the polarized electrical field parallel to the planeyl a (the polarized
electrical field perpendicular to the plane) polarizatioh[Zb is the phase shift when light experiences the
reflection betweep ands[76].From the measured valueyodnd, we can characterize the physical properties of
thin film such as surface roughness, band energy and ogisgarsion behavior. The various characterizations
using ellipsometryspectroscopy are shown in Figure 8.eadewy the spectroscopic ellipsometry has limitations
such as involving reflection at small sport size and oplylieable for high absorption coefficient[77]. Besides
that, the optical modeling for data analysis in spectg ellipsometry isquite complicated.
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Figure 8: Characterization of physical properties by usig Spectroscopy Ellipsometry.Redrawn and
adapted from reference [77].

Flourescence Spectroscopy

Fluorescence or photoluminescence (PL) spectroscopyaisaytic tool for measuring the emission of light from

a polymer molecule that is in an electronically excgtde. Fluorescence spectroscopy is much more challenging
than UV-vis absorption spectroscopy. In fluorescencetsgeopy, the main objective is to collect optical data
from a sample after it is excited at a specific exatatvavelength. Fluorescence spectroscopy measuremants ca
be performed by steady-state or time-resolved fluerese spectroscopy.

As shown in Figure 9, two monochromators are used in 8geree spectroscopy. The first is used to select the
wavelength for excitation. The second is used to analywe d@mitted wavelength from the sample.A
photomultiplier is commonly used as a detector in fluomeseespectroscopy. An alternative to high-sensitivity
detectors is a system that involves single photon couridlg $ingle photon counting allows a photodetector to
detect single photons. This application is suitable for gplathat shows low emission intensity. According to
the physics law of optic, the diffraction plays an impdrtle in the fluorescence spectroscopy especially for
detecting single molecule[81].

This is due to the diffraction limits are linearly propamgal to the light wavelength[82]. By choosing suitable
optical entrance slits and coupling lens, they can Ubat diffraction limits in optical instruments
system[83].Optimizing setting in optical entrance ghitl @ptical filter/bandpass are also important paramépers
reduce second order diffraction effect which superimposedegtvemission spectrum and light scattered from
holographic grating[84].

20



International Journal of Applied Science and Technology Vol. 3 No. 5;: May13

Light Source

Mhlonochromator

H
'
- i‘] Mhlonochromator

Dretector

Figure 9: Schematicof fluorescence spectroscopy. Redva and adapted from reference [78].

The luminescence process in solid involves interactiorirel@c state of material with electromagnetic radiation.
In early approach, classical theory has been used toiexpia behavior but classical theory failed to explain a
few phenomenon of luminescence. However, classical theopehte to explain very board range in optical
problem[85]. In the classical approach, excitation and éwmnisprocess involving energy transfer between
electromagnetic radiation and electric or magnetic dipaesdrupoles, octupoles, rotator and so on. This
interaction can be described by using harmonic oscillamdel. Electronic transition in atoms for normalized
line width of spontaneous emission is given by [86]:

SCRE 12((u|m-AUN J ™)

21 o)’ +(Av)

Where Av, =1/ 277, tm 1s the life time of upper state, vim is centered frequency and Av is the uncertainty of

frequency. In quantum mechanics approach, basically twegses involve excitation, spontaneous emission and
stimulated emission. Meanwhile, the excitation and ®imis processesinvolve quantized and discrete energy.
Lete, andE; is the energy level for ground state and excitatioie siehe number of population Bf andE; aren;
andn, respectively. This population can be represented by Baftzmdestribution;

n, q ||Ulz
=exp—-(E,-E / kt = ex 8
( 2 1) kt j (8)

1

Wherevy; is the transition frequency frof, to E,. In steady state condition, the absorption rate is equakto
total stimulated and spontaneous emission rate whicheamitten as

Blgnlp (hD]_g) = b21n2p(h012) + A21 17 (9)
Wherep (hv1y) is the photon field energy densiBx,, B, andAy; are constant[87].

Raman Spectroscopy

Raman spectroscopy is a vibration spectroscopy to uredabe light scattering in solid. These vibrational
characteristic spectra can be a finger print for thatified material. Raman spectroscopy can be used fibr bo
guantitative and qualitative analysis. Raman spectroshagyseveral advantages such as non-destructive test,
little or no sample preparations are required, low vapoemaid CQ scattering which no need special purging
system[88]. The basic Raman system consists of four nt@mponents that are laser, sample illumination
system, wavelength and detector. Raman spectra areagaquherent light source such as laser of ultraviolet
(uv), visible (vis) or near infrared range. Laser produaebeam of light through a combination of stimulated
emission, resonance cavity and optical pumping mechanisgonAion, krypton, helium-neon, Nd-YAG and
laser diode are normally used as light source in Rapegtrescopy.
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However, the main challenge in Raman spectroscopy isffiteency of Raman scattering and competition with
fluorescence spectra[66, 89]. For this reason, a spasample illumination system is needed. In this paper, w
only discuss a few illumination systems. In conventionalpdizuign system (Figure 10), the technique is similar
with the fluorescence and uv-vis absorption spectroscogisasssed in section 3.1 and 3.4.
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monochromator
monocaroman
e ] { [ sampte

/T\
I aser Rejection Filter C::D
L

CCID

180 ° geometrv: —
monochromator /\\/‘r\
L :| |
: )
H

:I-%Baﬂdpass filter

CCID

Laser

Figure 10: (a) Conventional sampling with 90 (upper) and 180 (lower) optical geometry Redrawn and
adapted from reference[89]

The intensity of the Raman scattering are very wealpeoad to the Rayleigh scattering. Rayleigh scattering is
also known as elastic scattering. In the Rayleigh saagtethe particle is assumed smaller than that of light

wavelength. In this case, the incident photon energy is cmtseeanwhile, inelastic scattering is a scattering

process where the kinetic energy is not conserved. The ingtetdn energy is absorbed or emitted by photon.

Brilliouin scattering is a process where phonon absorbesinitted in an acoustic mode. Raman scattering also
involves in optical mode. From the conservation of enengyraomentum, the absorbed phonon is known as anti-
Stokes component.

Whilst for Stokes component, it involves emitted of phonon. Bothponents are shown in Figure 11.
Anti-Stokes Component

Energy, ho:=h (o + o)
Momentum, h iz =h (ki + k)

Stokes Component
Energy, ho:=h(0i~@) phonon o ik

Phonon, @, k Momentum, h k. =h (ki — k) F
Incident light xé-'"’.f Incident light _
oi . foi , w.ki -
‘“‘;; . |
Scattered light Scattered light
sz | .lr(-; s . _I('g,
(2) (b)

Figure 11 (a) anti-Stokes component and (b) Stokes compormensymbols ofy and k represent frequency and momentum.
Subscript ands represents incident light and scattered light, respegtiv

Since the signals obtained from Raman scattering are. Wéekefore, a few approach has been used to enhance
the signals such as Resonance Raman Scattering (RR&)laseed Raman scattering, surface enhance Raman
scattering (SERS) and coherent anti-stokes Raman sogutthr this paper, we only discuss Resonance Raman
Scattering (RRS) in which the application can be usedvestigate the conjugation length in polymeric system.
In RRS, excitation laser beam and tunable laser chosemjmrable with the electronic transition and excitation
light source, respectively.
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The frequency has the energy different between groumdtion state and the first or second vibration state of
excitation state. It is noted that the scattering proessuch faster comparedto the absorption process. In this
case, scattering process can be distinguished from pdiosomprocess at particular time. When the incident
frequency match with the electronic transition, theniatamh from the molecule will enhance the Raman
signal[90].

Interpretation of Optical Characterization Results

In order to understand the optoelectronic and photonic deviwvioe as mentioned in section 2, therefore it is
better to first understand the optical properties of polismaaterial. The optical properties of polymeric materia

implies the electronic structure which affect the eleatrand optical output in properties of optoelectronic and
photonic.

Optical Absorption Band and Localized State

The simplest method to investigate the electronic struotuaesolid material is by studying its optical absorption.
Absorption occurs when a photon has sufficient energy toeeglgttrons from the lowest energy to the highest
energy. The fundamental equation between the absorption any ea@E, is given byE, = /w, wherew is the

light frequency and: is the Planck constant. Fundamental absorption refeasb@nd-to-band transition in the
solid phase. In crystalline materials, direct traosibccurs when electronsare excited from the valence band to
the conduction band in the sarkapace. In this process, the total energy and momentumngerwed. For
indirect transition, electrons cross the conduction bauidfatentk-spaces.

In this case, transition is possible only when phonon adsi§eé/en that the potential well fluctuates in
amorphous materials, there is no specific definitionk4space (non-conservation é&fspace) and electron
localization (also known as Anderson localization)occurs[9Ttkofding to the Davis—Mott model, the wave
function is localized and the probability of transition defgeon wave function overlapping [92]. Considering
that amorphous materials lack a long-range order, a ledadiate extends from the conduction and valence bands
to the band gap. This localized state can affect #wdreh transition in amorphous and polymeric materials.

The absorption coefficientis related to the absorbanBdased on the Lambert-Beer law in section 3.1 that is;
soa=2303A/Xx (20)

Where xis the sample thickness. The optical absorption for nortatlipe materials is given by the Tauc and
Davis—Mott model [93, 94]

(cho)" = Blho - Eopt) 11§

Wheres is a constant and is the exponential constant index. The exponential constant isdex important
parameter that describes the type of electronic tiansithere are four types of transition in amorphous nadse
that can be represented withThe values ohare commonly 1/3,1/2, 2/3, and 2 for indirect forbidden, indirect
allowed, direct forbidden, and direct allowed transitionsspectively[95]. A typical absorption plot for
amorphous materials is shown in Figure 12. The opticalrptiso can be divided to three regions, namely, high-
level absorption (A), exponential region (B), and weak abmorii). High-level absorption is basic optical
transition. Whereas the weak absorption region is belowetpenential region which depend on the sample
preparation, impurity, and thermal annealing history [96].
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Figurel2: Typical absorption spectra for amorphous materals.

The exponential region was first observed by Urbach inghnadsorption experiment [97]. This region is called
the Urbach edge, which depends on the photon energy. Dexter exptleesempirical relation of the Urbach
edge as

a(ho)= oy (T)exgo(ho — E, )/ KT) 12§

Where oo is the normalized transition strength as a function ofabsgolute temperature, amdand E; are
constants [98]. This expression isbased on the existera ioternal electrical field inside a material. Reldf
further found that the existence of an internal eleatfield is due to the charge defect in solids [#8jwpointed

out that an electrical field inducesthe ionization of exsfbd0]. Toyozawaproposed that interactionsbetween
excitonsandelectron lattices create the Urbach region[Hdyever, Skettrup argued the effects of electron—
lattice interactions [102] and suggested that thermatuftons in energy gaps create the absorption tail.

All the above models are applicable for polymeric materibte electronic structures of polymers are highly
complicated. Bond orders and polymer backbone kinks alsct dlffeelectronic structure of polymers. According
to the Franck—Condon rule, the fluctuation of the latticeigardition in polymers smear the fundamental edge
and produces the Urbach tail [103]. Kinks in polymer backboneste a localization state at the gap center,
known as a soliton. The existence of a soliton can charmysigal and optical absorption properties.
However,solitons can be successfully described in polyl@oetyMost conducting polymers such as PPV,PPP,
polythiophene, polyaniline, and poly(N-carbazole) (PVK) contefectsbecause order parameters create quasi-
particle charges that aresoliton—antisoliton pairs, pp&aror bipolarons[104].

These quasi-particle entities produce discrete energysl@veéhe bandgap and reflect the absorption coefficient.
Electronic states play an importance role inthe fundamhexiisorption edge. From Eq. (7), we can piois.
Energy (), (ahw)"? vsho, or (@hw)? vsio to obtain the fundamental absorption efigedirect allowed optical
transitioney, and indirect allowed optical transitidh by extrapolation to théw axis.Figure 13 illustrates the
different plots ofa for PVK. From this figure, the value &, Eq4 and for PVK is 4.04, 4.23 and 3.75 ev
respectively with thickness of 150 nm.For the Urbach édge/e can calculate the extended state by plotting In
vsJiw. The valuesoE,, ey, E;, andE, strongly depend on the thin filmthickness [105, 106].

Table 1 shows the optical absorption parameter of MEH-PPV,, Balthiophene, polyvinyl alcohol (PVA), and
poly(N-benzylaniline) (pbani). Mostof these polymers have beemdbtk with different polymer materials or
composites and inorganic materials to enhance the bptiggerties of polymer systems. As aforementioned, the
optical properties of polymers strongly depend on the preparabnditions, as shown in Table 1.Different
preparation methods of MEH-PPV vyield different value€g62, 64, 107]. In addition, the thermal history also
plays important roles in optical properties. Although pbdoes not contain any impurity, the annealing
temperature changes the Urbach edgeEafid8].
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Figure 13 Plot (a)x vs. Energy fw), (b) @hw)"? vs. Ho, and (c) &/iw)® vs. Ho for PVK. Reprinted from
Advanced Materials Research Vols. 488-489, A. N. AliasMZ.Zabidi, T. I. T Kudin, M. K. Harun, M. Z.
Yahya, Optical Characterization of Luminescence Polymer Blends Using Dauis-Mott Model Pages 628-
632, Copyright (2012), with permission from Scientific.net.

Table 1 Values of thickness, absorption edg&{), allowed direct bandgapE,), allowed indirect
bandgap(E;), and Urbach edge E,)

Host polyme Impurities Thicknes E. Eqy E; E, Retf.
(nm) (ev) |(ev) |(ev) |(ev)
MEH-PPV - 10C 2.18( [62]
- - 2.07( [64]
Blending with 5% | - 2.10( [64]
mesocarbonmicrobead
- 34.5( 2.19¢ [107,
109]
5 wt% znc 40.5] 2.16¢ [107,
109]
10 wt%znc 44.5] 2.13( [107,
109]
15 wt%znc 4.3t 2.12: [107,
109]
20 wt%znc 51.3¢ 2.13¢ [107,
109]
Poly(N-carbazole - 15C 4.04C | 4.23( | 3.7¢ 0.25¢ | [11(]
50wt% PVDF-hfp 154 4.050 | 4.22C | 3.83( | 0.24< | [11(]
10wt% PVF 360.% 3.38( | 3.43¢ | 3.20¢ | 0.111 | [117]]
20wt% PVF 495.1 3.4157 | 3.457 | 3.22¢ | 0.20¢ | [117]]
30wt% PVF 388.( 3.43¢ | 3.497 | 3.30C | 0.18¢ | [117]]
40wt% PVF 384.t 3.457 | 3.507 | 3.36: | 0.12¢ | [117]]
50wt% PVF 420.( 3.47( | 3.51Zz | 3.39¢ | 0.13¢ | [117]]
60wt% PVF 372.¢ 3.47¢ | 3.51¢ | 3.41( | 0.227 | [11]]
PEDOT:PS 10wt% PANI 3.88C | 3.43( | 0.39( | [117]
20wt% PANI 3.86C | 3.431 | 0.44( | [117]
50wt% PANI 3.83C | 3.2¢ 0.53( | [117]
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PVA(before anneing) | - Rangq, 6.272 | 5.902 | 0.74z | [117]
1.9-3x 10
5% nicl, Rangq, 5.57¢ | 5.19¢ | 0.23¢ | [119]
1.9-3x 10
10%nicl, Rangq, 5.484 | 5.11% | 0.201 | [119]
1.9-3x 10
15%nicl, Rangq, 5.384 | 5.06% | 0.18¢ | [11]]
1.9-3x 10
PVA (after anneing at| — Rangq, 6.257 | 5.88¢ | 0.75% | [113]
70 °C) 1.9-3 x 10
5% nicl, Rangq, 5.47¢ | 5.10Zz | 0.25¢ | [119]
1.9-3x 10
10%nicl, Rangq, 5.381 | 5.02¢ | 0.22( | [11]]
1.9-3x 10
15%nicl, Rangq, 5.282 | 4.93¢ | 0.21¢ | [11]
1.9-3x 10
Pban
(different annealing
temperatures)
25 °C - 11( 2.09( 0.54( | [10§]
55°C - 11( 2.C8C 0.58 | [10§]
11£°C - 11( 2.07( 0.5¢ | [10§]
14E°C - 11( 2.05( 0.6C | [10§]

Refractive Index and Dispersion Behavior

The interactions between electromagnetic waves and polylmisate the condensation properties of polymers,
including their electronic state, vibration state, &nwling energy. In the visible region, based on Snell's law,
when light propagates in a material, the velocity of denel is distorted. This ratio changes with the light
velocity and yield the optical constant as the refragthidex. This refractive index is a fingerprint of a polymeric
material. When light propagates in the polymer at one vglotidll directions, the polymer is called an isotopi
polymeric material. When light propagates in the polymer ifi¢rdnt velocities in only one direction, the
polymer is called an anisotropic polymeric material. Gibersng the complexity of the condensation properties of
a polymeric system, the refractive dispersion behavidragtical dielectric spectra of polymeric systems must be
understood to apply them in optoelectronic and photonic devices.

The optical dispersion of a polymer can be determined mgmission measurements or interferometry [114,
115]. Each measurement is used to obtain a complex optitadtdie constant and refractive index given by Egs.
(13) and (14).

N=n+in (13)

E=¢ +ig (24)
The complex dielectric constant is a fundamental intipsoperty of a material. The real part of the dielectr
constant shows how much it can slow down the speed of lighpolymeric material. The imaginary part shows
how a dielectric in the polymer absorbs energy from an etdatid caused by dipole motion[116]. The real and
imaginary parts of the dielectric constant are rdlad¢he refractive index by Egs. (15a) and (15b).
E =’ -k (15a)
E = 2nk (15b)

Wherek is the extinction coefficient and given ky= ai/4n. From Maxwell's equation, the refractive index is
given by Eq.(16).

N°=g=1+P=1+4n(xe+x) j16
Wherg is the polarization, is the electronic susceptibility, angdis the lattice susceptibility. We can fit the
equation using the harmonic oscillator shown in Eq.(17)
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Eq.(12) is also known as the Sellmeier equatjoand 4; are the sellmeier coefficients. Moss simplified the
Sellmeier equation into eq.(18) [117]
SEA
n? —1=—2020 (18)
1-25)1 A

2
Wherethe average Sellmeier oscillator streng§this related toSO/)“0 =N, _1, n.is the infinite or high-
frequency refractive index, and is the average oscillator wavelength. The real and iraagiparts of optical
dispersion areobtained from the Kramers—Kronig relatiod, sanms up the rules for the linear optical function.
The Kramer—Kronig relation for complex real and imagirdiglectric constants is given by Eq.(19)

&'(w)=1+— Pr '”(w)d
(19a)
And

&" () =1+@Pj %dw'

T 0w -w (19b)
Where isw’ the integration variable arfd is the principle values of integrals. In solving theaker—Kronig
relation, numerous approaches can be used to fit witbxjperimental result. The equation commonly used are
the Adachi model[118], Penn model[119], Forouhi—-Bloomer relation[12Q], Philips model [122], and Moss
relation[123]. The single effective oscillator model ig tefractive index dispersion model that fits with the
experimental result to determine the single oscillatorggnEy, and dispersion enerdgyy[124]. Based on this
model, the refractive index dispersion is given by

EqEo

n?-1=—_97°9
E2 - (ho)

(20)
By plotting (" — 1)* vs. (iw)® a straight line is obtaineg, and E; are then determined from the slope and
intercept on thefiw)? axis. The interband transition strength momeht and M.; can be calculated from the

single-effective oscillator energy and dispersion energy usmg(21) [125]. The values d&,, Ey, as well as
interband transition strength momentsandM_; of the current blending polymer system are shown in Table 2.

M2 M,
B =, B
3 3

(21)
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Table 2: Values of the Sellmeier and Wemple—didomero optical parameters

Hostpolymet Impurities N, Ao S, x1CE | Eq B Ref.
(m?) (ev) | (ev)

MEH-PPV 10wt% Cq 1.9 | 319..8 | 2.€8 10.61 | 3.89 | [12€]

PVK 10wt% PVF 1.907 | 233.91( | 4.81¢ 13.80( | 5.05( | [127]
20wt% PVF 2.03Z | 246.78(| 5.13¢ 15.30: | 5.09¢ | [127]
30wt% PVF 2.15( | 247.43' | 5.91; 18.55¢ | 5.14¢ | [127]
40wt% PVF 2.27%| 244.12.| 6.991 29.75¢| 5.244 | [127]
50wt% PVF 2.61( | 240.08: | 10.08: | 30.35¢ | 5.27¢| [127]
60wt% PVF 2.11¢ | 242.46¢ | 5.92¢ 17.90( | 5.19¢ | [127]

PEDOT:PS 9:1 PEDOT:PSSznc 100.0( | 4.0C | [11€]
8:2 PEDOT:PS<znc 80.0C | 4.0C | [11€]
7:3PEDOT:PS<znc 65.5¢ | 4.07 | [11€]
6:4 PEDOT:PSSznc 59.31 | 4.1F | [11€]

PVA - 1.39¢| 217 1.59( 4.9¢ 8.15( | [12§]
5wt% cecs 1.42¢ | 222 1.77 5.1 7.21 | [12§]
Twt% cecs 1.49¢ | 231 2.22 6.5¢ 7.01 | [12§]
10wt% cecs 1.51F | 25C 2.3¢ 6.9¢ 6. 81 | [12€f]
15wt% cecs 1.557| 252 2.65 7.1z 6.21 | [12f]

Pban

(different annealing

temperatures)

25°C 6.37 1.1¢ [10€]

55°C 5.71 1.0¢ [10€]

11£°C 5.7¢ 1.0¢ [10€]

14£°C 5.9¢ 1.11 [10§]

Anisotropic Optical Spectra

Anisotropic optical measurements are based on the interdmttween polarized electromagnetic waves and a
polymeric material. The anisotropic optical spectra careXgerimentally analyzed either by absorption- or
reflectance-based anisotropic approaches. The absorpticth dxaisetropy and the reflectance based anisotropy
cabe performed using linear polarized absorption specpgsmad ellipsometry spectroscopy, respectively. In
order to get linear polarized light, linear polarizer caradéed in uv-vis absorption spectroscopy as mention in
section 3 before being passing through the sample. Lightizatian can be used to determine the direction or
orientation of light within a molecule, which is importan investigating the effect of disorders in impurity
systems such as polymer composites, dyes, and polymer blends.

The theoretical framework of the orientation of the hmdymer with respect to the guest or dye molecule is
found in literature [129]. When a material absorbs lighg molecules become excited and move to a higher
energy level. The intensity of light absorption is proportidodhe transition moment vecttt as well as to the
angle betweeM and the electrical field of light source [13@).is the transition moment between the initial and
excited states. This moment vector is related to thkeeular symmetry and electric dipole moment operator
[131]. The polarizatiop is an important parameter consisting of the observguepdrcular () and parallel I()
polarized absorption intensity, as represented by Eq[132].

If the absorption is ideal ar@mpletely polarized in parallel direction, p is equal to +1 and vice versa for ideal
polarized in perpendicular direction which p is equal to —1[133]. Therefore, the polarization parameter range is -1

<p<+l.
I”—Il

PZI—(22)
(L
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Most fabrication processes of polymer-based optoelectramic plnotonic devices use spin coating or self-
organization onto the substrate, and considers the morpholadigufzaly the stiffness of the polymer backbone.
All anisotropic geometries(e.qg., disk- or rod-likenaafluence the emission properties of pleds [134]. Tbheeg
another approach that is ellipsometry spectroscopybeansed to determine the structure, morphology, and
arrangement of molecules in polymer films. Ellipsometrycspscopy measures two parameters, narfepd/
which already discuss in section 3.2. Figure 14 show¥thed4values of MEH-PPV with different thicknesses
obtained from Gaudinet al.[135].

They found that the changes in ellipsometry parameterdae to reflectivity and interference effects laa t
polymer material interface.The anisotropic optical propeftMEH-PPV also depends on its molecular weight.
High-molecular-weight MEH-PPV has a chain segmentantaition parallel to the layer plane, whereas low-
molecular-weight MEH-PPV has a randomly oriented cls@igment[136]. Tammer and Monkman reported that
MEH-PPV has a rigid rod-like structure that forcesibe aligned parallel to the surface plane[137]. A similar
observation was reported by Y.W. Jung at. Al., which iegpihat the MEH-PPV backbone lies in the plane of the
film [138].

The polymer/contact interface isa significant factofe@ing the performance of polymer-based electronic
devices. The orientation of a polymer cause the dipole momenalign near the polymer/contact
interface[139],resulting in the confinement of carriers e interface[140].The in situ electro-anisotropy
reflection technique can be used to study the effect ofotientation and space charge at the polymer
contact[141]. Schubert et al. Found significant changedips@metry parameters using different n- and p-type
silicon substrates[142]. The changes are due to the eoéstémpolariton propagation near the interface. A simila
observation was reported by Mauger and Moule, who fouaidile changes in the anistropic optical parametersat
interface of PEDOT:PSS are due to the lack of cheageer absorption in the infrared region[143].
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Figure 14: Simulated and experimental studies on MEN-Bt different thicknesses. Reprinted with permission
from Gaudin, O.P.M., et alThickness dependent absorption spectra in conjugated polymers: Morplarlogy
interferenceApplied Physics Letters, 20196(5): p. 053305. Copyright 2010, American Institute of Physics.

Emission and Excitation Spectra

In fluorescence and PL spectroscopy, fundamental measuats are based on excitation and emission spectra.
Sole et al. Well defined the differences between ekoitaand emission spectra, and further gave good examples
[144]. Excitation spectra represent the absorption processedideed emission wavelength. Emission spectra
represent the emission process at a fixed excitation wagtbleThe Jablonski energy level diagram shown in
Figure 15is commonly used to understand the photophysical amdchbmical processes of the excited state.
The ground, first-excited, and second-excited statedareted a8, S,ands, respectively.
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S denotes a single state ahdlenotes a triplet exited state. Each electronic statediszrete vibrational and
rotational energies. Vibrational relaxation is a decayxgss that occurs after the electrons of a moleculeemov
from a high vibrational energy level to the lowest vibrationargy level at the same electronic state. The
lifetime of vibration relaxation is about (1% to 10's) [145]. Internal conversion is the non-radiative emission
process from a high singlet excited state to a low ekdtate. From the lowest vibration st&e an excited
molecule can convert to the triplet state with a changgin.

This process is called intersystem crossing. Thereévaveaypes of radiative transition, namely, fluoresme or
phosphorescence. Fluorescence is the radiative transitiortlitowest excited state to the ground state with a
short lifetime. Phosphorescence is the radiative tranditeon the lowest triplet state to the ground state with a
longer life time (10min to several minutes)[145].
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Figure 15: Jablonski diagram for the photophysical preses$ fluorescence and phosphorescence. Isc mean
intercrossing system. Redrawn and adapted from refefE30].

The theoretical modeling ofthe luminescence process ishightyplicated because in polymeric and small-
molecule materials, not all molecules are involved inih@scence. Only certain molecules that are electropicall
localized are involved. The same is true for solid-gpétesics wherein the process of luminescence occurs at the
luminescence center [146, 147]. Another way to explain thenkescence mechanism is by the configuration
coordinate diagram. Figure 16 shows the typical configuratoordinate diagram for the excitation and emission
processes, with emphasis on the atomic rearrangementfl#hssumptions that must be made when using the
configuration coordinate diagram are as follows:

(1) the curve must be parabolic, and (2) the transition septed by a straight line and the system act as a
harmonic oscillator[149] According to Stoke’s law, the emws energy must be less than or equal to the
excitation energy. The difference between the excitatramhemission energies is designatetha3 he excitation
spectrum is energy dependent, and pl consists of two partely light absorption by defects created in the
localized state and by absorption in the Urbach edge[15@helfexcitation energy is less than the emission
energy, the process is called anti-Stoke’s law and therrakis called up-conversion material.

By blending with other polymers or hybrid polymer-inorganic semductors, disorders are created in a thin film
solid system. According to Sprenger, there are four baarsitions in a disorder system that affects the
luminescence and dielectric properties: peak-to-pedkpteail, tail-to-peak, and peak to tail transitis [151].
These transitions can be observed as a shift in the maxemission or excitation wavelengths and a decrease or
increase in the emission or excitation intensity.
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The shifts in excitation and emission spectra in the B\&d with PVP at different composition ratios have been
observed by Alias et al.[110]. They suggested that shiftsminescence spectra are due to the aggregation of
luminescence chromophores originating from complex physical bonding polymeric system. The
photophysical properties of conjugated polymers strongly deperide preparation conditions, such as the type
of solvent used for purification and annealing treatment[162hsequently, the conjugation length is changed
and the optical and electrical properties of the polyaneraffected.

In a hybrid-conjugated polymer system, nanoparticles aadin, zno, cds, and cdse have been used to optimize
the device performance. Nanoparticles act as sensitmersmitters upon light absorption. Nanoparticle
additionleads to different luminescence spectrum propeftigare 17 shows the PL spectra of pure MEH-PPV
and MEH-PPV/zno with different weight fractions. Theaobes in luminescence spectra are due to shallow or
deep defect level states induced by nanoparticles [153].d€fest level leads to the localization of electrons,and
hence, shifts in the luminescence spectra of a hybrighpl system[154].

The cluster shapes and sizes of nanoparticles in a khyblycher system influence the luminescence spectra.
Petrella et al. Showed that nanocrystalwith a rod-like shape shows higher luminescence quenchamgdot-
shaped ones [155]. Therefore, the configuration coordinatiagradia shows that when a polymeric system
absorbs energy and creates an excited state, the clim#gedepend on the size and molecular weight of the host
polymer,as well as on the size and charge localizatidmeasensitized cell.
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Figure 17: (a) PL spectra of pure MEH-PPV and MEH-PPVigitlo percentage weight fractions of 2% and 8%.

(b) variationsinpl peak shifting and intensity of MEHPV/zno at different weight fractions[153]. Reprinted

fromjournal of Luminescence, Vol128,Ton-That, C., M.R. lipis] and T.-P. NguyenBlue Shift in the

Luminescence Spectra of MEH-PPV Films Containing zno Nanogarfelges 2031-2034, Copyright (2008),
with permission from Elsevier.
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Figure 16: Typical configuration coordinate diagram. Redrand adapted from reference [148].
Raman Spectra

In section 4.1 and 4.4, we already mentioned that the itrggugould affect the absorption, excitation and
emission spectra. One of the reason for the changes egpestra are due to the changesxtended n-electron
system which affected delocalization length or conjugdé&ogth[156, 157]. It is well known that Raman analysis
can be used to analysis the conjugated segment in polymejudation length can lead to the increasing or
decreasing of frequency as well as Raman intensity hvbaresponding to vibration mode in conjugation.
Complete analysis vibration mode of Raman intensity foty(p-phenylenevinylene) [158] , C60[159],
carbazole[160], polythiophene[161], polyfluorene[162] trads andcispolyacetylene[163, 164]are reported.

Raman intensity and frequency in conjugated polymer stismgly depend on the intra-chain order formation
[165]. Furthermore, the different of structural phasesystalline and glass state change the frequency dispersion
which could be connected with the changes in the conjugatimthld@66]. In theoretical modeling, Resonance
Raman scattering (RRS) in cross sectionflPPV o(Q.,w) for each vibrational modé is given by
equation[167];

10

a, (@ ,0)=Y|M,|'S, , x

n=2

2
le(_)l Rn(QL_Iw% X ,—1 exp- a—
1=0 27Nf ZAf
WhereP, is the bimodal distribution, Q, is the laser excitation frequeney s the frequency of Stock range, Asis
the width of the Raman bandsat, S, is the total Huang-Rhys factor aRgdis the function which related to zero
and one-phonon process as well as the condition of conjugated bds@hdfrom this equation,it can be first
found thatthe different conjugation length segments a®rdiite lattice dynamic and vibration frequency.
Secondly, RRS is also sensitive to the excitation frequeihe sensitivity of selective frequency gives
characteristic to the segments of conjugation length [16€Efects exist in the conjugated polymer, then it will
create a decrease in the conjugation length and change tbed gainsition in polymer system. Furthermore, the
scattering process is much faster than the opticalitimnsand then it will affect the absorption and intensity
RRS[170].

x P, (23)

Conclusion

Successful optical characterizations of polymers requirefdasample preparation, attention to experiment
details, and cautious instrument handling. Optical charaat®ns are highly sensitive to impurities, thermal

annealing history, method, and preparation. Five optical prepéave been discussed in detail, namely, optical
absorption, dispersion behavior, anisotropy, emissiontrgmec and excitation spectrum. Modifications of

polymeric materials result in different optical charast&s that are the fingerprints of a polymeric system.
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