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Preface

Photorefractive effect was termed an unwanted light induced refractive
index inhomogeneity in electro-optic crystals, in 1966. But soon after the
initial observation, F. S. Chen et.al. were able to demonstrate holographic
recording in the electro-optic crystal LiNbO3 utilizing the photorefrac-
tive effect. Research further revealed that this reversible refractive index
change was caused by the creation of an internal space charge field which
modulates the refractive index of the crystal through electro-optic effect.
Thus the basic requirements for observing photorefractive effect was un-
derstood, the material must be capable of generating carriers on illumina-
tion with light and these carriers must arrange themselves so that a space
charge field is created. The next requirement is the electro-optic effect
so that refractive index modulation can be achieved in response to the
space charge field. Photorefractivity was observed in polymers in 1991 by
S. Ducharme et. al. and the latest development is the invention of a 3D
updatable holographic display in 2008 by Sava Tay et. al. Photorefractive
polymers are proposed materials for reversible holographic data storage.
Many groups around the world are actively working in this area. The pho-
toconductor Poly(N-vinyl carbazole) has been the photoconducting host
usually reported in all photorefractive composites.

In this thesis, an attempt was made to develop a low cost photorefrac-
tive polymer. The steps to achieve the aim was formulated based on the re-
quirements for photorefractive effect. Photoconductivity and electro-optic
effect has to be achieved in a single polymer. The experiments conducted
for attaining these and the results obtained are elaborated in the different
chapters of the present thesis.

Chapter 1 gives the basics of photorefractive effect in polymers. As
required by the mechanism, both photoconductivity and electro-optic effect
has to be studied. An introduction to the basics of photoconductivity in
polymers and various types of photoconducting systems are given. The
electro-optic effect is also explained, emphasizing the molecular properties
that determines the electro-optic response of the molecules. This chapter
also gives the details of the experiential techniques, all of which were setup
based on literature information.

In Chapter 2, two kinds of photoconducting polymers are given. One is
molecularly doped poly(methyl methacrylate) (PMMA) and another based
on Poly(2-methacryloyl-1-(4-azo-1’-phenyl) aniline-co-styrene). Molecu-
larly doped poly(methyl methacrylate) was prepared by dispersing the
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molecules Aniline and 2,4,6-trinitrophenol (TNP) in PMMA. Aniline is
an electron donor while TNP is an electron acceptor. The formation of
a charge transfer (CT) complex was evident from the electronic absorp-
tion spectrum of the dispersed polymer compared to the neat polymer
and the other molecules alone. Temperature dependent current-voltage
measurements and room temperature photocurrent measurements were
carried out. The spectral dependence of the photoconductivity was also
studied. Photoconductive sensitivity, defined as the change in conductiv-
ity per incident light intensity, of the molecularly doped PMMA was not
sufficient to observe photorefractive effect according to literature values.
In addition, molecularly doped systems are liable to phase separation and
more stable systems are required to maintain optical quality and stability
when molecules are added to the system to give an electro-optic effect.
In view of this, single component photoconductors were selected for the
study.

The next molecule, is a co-polymer of (2-methacryloyl-1-(4-azo-1’-phenyl)
aniline and styrene. It is a non-conjugated polymer but contains electron
rich molecular units as pendant to the main chain of the polymer. Optical
absorption of the molecule start from 650 nm and peaks in the ultra-
violet. The molecule was highly fluorescent but when an electron acceptor
molecule C60, was used as dopant, the fluorescence intensity was reduced
by ∼ 40%. This could be due to the ultra-fast electron transfer reaction
reported to occur in C60 doped polymers. Photocurrent measurement was
done on the single component polymer and the polymer doped with the
sensitizer C60. Doping the polymer with C60 increased the photocurrent
yield in the low energy tail of the absorption spectrum of the polymer.
The photoconductive sensitivity of the polymer was evaluated and found
to be comparable to the values reported for photorefractive polymers.

Chapter 3 describes the studies on a series of polybenzoxazines, which
are photoconductive enough to be suitable for photorefractivity. The
molecules were Poly(6-tert-butyl-3,4-dihydro-2H-1,3-benzoxazine, Poly(6-
tert-butyl-3-methyl-3,4-dihydro-2H-1,3-benzoxazine) and Poly(6-tert-butyl-
3-phenyl-3,4-dihydro-2H-1,3-benzoxazine). Other than C60, the electron
acceptor molecules 2,4,6-trinitrophenol (TNP) and 7,7,8,8-tetracyano quin-
odimethane (TCNQ) were also tried to get an enhancement in photocon-
ductivity. Spectrally resolved photocurrent measurements were done on
all molecules in the sandwich cell configuration. Temperature dependence
of dark conductivity was also examined. TCNQ and TNP were used as
electron acceptors but they were found to be less efficient than the molecule
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C60. Out of the three polymers studied, Poly(6-tert-butyl-3-phenyl-3,4-
dihydro-2H-1,3-benzoxazine) doped with C60 was found to be a highly ef-
ficient photoconductive system. Spectral response of photocurrent for this
system spanned the entire visible region of the spectrum. It was decided
to use this molecule for the development of photorefractive composites.

A series of p-nitroaniline derivatives were examined for possible use
as electro-optic molecules for photorefractivity. Chapter 4 describes the
detailed studies done on these molecules. The ground state dipole moment
of the molecules was estimated using the Debye Guggenheim method. The
excited state dipole moment of the studied molecules was estimated using
the solvatochromic method and the value was used to calculate the first
hyperpolarizability of the molecules. Solvatochromic effect is the change
in the position, intensity, and shape of absorption or emission bands of a
molecule due to the change in polarity of the solvent. The analysis was
based on a method proposed by Ravi et. al. and used the solvent polarity
parameter ET

N proposed by Reichardt. The figure of merit of the studied
molecules were estimated based on the values of first hyperpolarizability
and the ground state dipole moment. Out of the ten molecules studied,
three molecules possessing relatively higher values for the figure of merit
were selected for electro-optic studies.

Chapter 5 deals with the discussion of experiments carried out to
determine the electro-optic coefficients possible with the p-nitroaniline
derivatives studied in the previous chapter. The molecules were dispersed
in poly(methyl methacrylate) and the glass transition temperature of the
composite was estimated using differential scanning calorimetry. The com-
posite was sandwiched between two ITO plates and electrically poled at
10V/µm near the glass transition temperature of the composite, so that an
alignment of the chromophores could be achieved for higher second order
susceptibilities. The samples were studied in the transmission geometry
using a modulated ellipsometric technique. The electro-optic coefficients
were determined but was found to be small compared to usual photorefrac-
tive chromophores in use. Also, these molecules showed phase separation
when doped in PMMA to more than 20 wt%. This was a serious limita-
tion for their application to photorefractive polymers where chromophore
loading of up to 50 wt% is usually employed to get high efficiency photore-
fractive polymers.

The polymer Poly[3-methacrloyl-1-(4-nitro-4-azo-1-phenyl)phenylalan-
ine-co-methacrylate was examined next. This molecule possess chiral prop-
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erties which is reported to help in maintaining a non-centrosymmetric fash-
ion. This property may result in high electro-optic coefficients. Sandwich
cells of this molecule was prepared and examined to evaluate the electro-
optic coefficient before poling. Electro-optic coefficient of 4.75pm/V was
obtained in this material at a wavelength of 632.8 nm.

In Chapter 6, details of the attempts made to prepare a possible
photorefractive polymer and also the details of the beam coupling experi-
ment done are given. Based on the studies done in the previous chapters,
combinations of different molecules were tried for preparing a photorefrac-
tive polymer. The effect was observed in the composite Poly(6-tert-butyl-
3-phenyl-3,4-dihydro-2H-1,3-benzoxazine) doped with C60 along with the
known electro-optic molecule Disperse Red 1 (DR 1). The photorefractive
devices for experiments were prepared by melting a vacuum treated powder
of the composite on a patterned ITO glass cell. The Photoconductivity of
the prepared composite was also studied along with tests for electro-optic
effect. Photoconductive sensitivity of 1.25 x 10−10 S cm/W was obtained.
The refractive index modulation was dominated by the orientational bire-
fringence. This meant that the reorientation of the doped molecules was
significant due to the low glass transition temperature (330C) of the com-
posite. Two beam coupling experiments were carried out on this composite
to test for photorefractive effect. Beam coupling was observed in the com-
posite. The photorefractive gain obtained was 8.8 cm−1 at 62.5 V/µm.
This was smaller than the absorption loss (73 cm−1) in the device so that
an effective gain could not be achieved.

The thesis is concluded by giving the main results of this work and
steps for improving the observed photorefractive effect to the level of an
application in Chapter 7.
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CHAPTER

ONE

Photorefractive Polymers - An Introduction

The photorefractive effect was observed for the first time in LiNbO3 and
LiTiO3 crystals, and reported as an unwanted refractive index inhomo-
geneity caused by light.1 The first paper stated “The effect, although
interesting in its own right, is highly detrimental to the optics of nonlinear
devices based on these crystals”. Soon after the first observation, holo-
graphic storage was demonstrated in LiNbO3 using 488nm wavelength and
a diffraction efficiency of 40% was obtained.2 The refractive index modu-
lation was shown to be by an internal space charge field produced due to
the generation and subsequent diffusion of charges following laser illumina-
tion.3 Now, years after, scientists have realized 3D holographic dynamic
displays based on photorefractive materials.4 This chapter tries to give
an introduction to this interesting topic and outlines the mechanisms and
necessary theoretical insight.

1.1 The photorefractive effect

The term photorefraction represents a light induced change of the refrac-
tive index, but the term is reserved only for the above mechanism as other
physical or chemical reasons can also cause a light induced refractive index
modulation. Photorefractive effect in an organic crystal5 was reported in
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1990 and the effect was reported in a polymer composite in 1991.6 As
required by the unique mechanism, the photorefractive effect is observed
in materials possessing both photoconductivity and electro-optic response.
The basic mechanism is schematically shown Fig. 1.1. If a photorefrac-
tive material is illuminated by a non-uniform pattern of light produced by
the interference of two mutually coherent optical fields, charge generation
will take place at the brighter areas of the pattern.7 Due to the concen-
tration gradient, or due to the presence of an external electric field, the
generated charges (those surviving geminate recombination) move towards
the darker regions. In a photorefractive polymer material, one charge is
highly mobile than its counter charge. In most of the organic materials,
the hole mobility is greater. Thus the electron is considered localized near
the generation site while the hole migrates and get trapped in the darker
regions. The resulting charge distribution will produce an internal space
charge field. The final step is the alteration of the local refractive index of
the medium by this space charge field due to electro-optic effect.8

Illumination pattern 
creats charge carriers

Charge redistribution 
and the direction of
resulting space charge field.

Final refractive index graing; 
the phase shift between 
illumination pattern and 
refractive index grating is marked as φ

+ + +
 - - -

+ + +
 - - -

- - -

+ + +

- - -

+ + +

φ

Figure 1.1: Illustration of the photorefractive grating formation.

Photorefractive media can store a replica of the incident non-uniform in-
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tensity pattern as a refractive index grating. So many applications have
been proposed in the literature using photorefractive materials. Multi-
plexed data storage,9 holographic filters,10 neural networks11 are a few
examples of demonstrated applications.

1.1.1 A model of the photorefractive effect

The Kukhtarev model which was originally developed for the photorefrac-
tive effect in inorganic crystals is considered to be the standard model
of photorefractive effect. This model is also applicable to photorefractive
polymers. The description provided here is based on the book by H. S.
Nalwa et. al.12

If two mutually coherent laser beams of intensity I1 and I2 interfere in a
medium, the result is an interference pattern with an intensity distribution
given by,

I(x) = I0[1 + mcos(
2πx

∧ )] (1.1)

where I0 = I1 + I2 is the sum of the incident intensities, m = 2
√

I1I2/(I1 +
I2) is the fringe visibility and ∧ is the periodicity of the interference pattern
which is dependent on the angle of incidence of the two beams.13

∧ =
λ0

2nsin( θ2−θ1
2 )

(1.2)

Here n is the refractive index of the medium, λ0 is the optical wavelength
in vacuum, and θ1 and θ2 are the internal angles of incidence.

KI
1

I
2

Λ

x

Figure 1.2: Formation of interference fringes by two coherent laser beams.
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Following the creation of this periodic interference pattern in the pho-
torefractive medium is the generation of excess charge carriers at the bright
areas. The carriers, ideally one type of carrier, migrate from high intensity
regions to darker regions of the fringes. The carrier generation and trans-
port processes are discussed in Section 1.4. At darker regions, the optical
excitation is negligible and these charges get trapped. Thus a periodic
space charge field is generated which resembles the fringe pattern. The
amplitude of the space charge field is given by,12

Esc = m

[
(E2

0 + E2
D)

(1 + ED/Eq)2 + (E0/Eq)2

]1/2

(1.3)

E0 is the component of the applied electric field along the direction of the
grating vector. ED is called the diffusion field, given by ED = KkbT/e and
Eq = eNT /Kεε0 is called trap limited field. In these equations, K is the
grating vector, kb is the Boltzmann constant, T is the temperature, ε is
the dielectric constant, ε0 is the permittivity of vacuum, NT is the density
of traps and e is the elementary charge. As shown in Fig. 1.1 there is a
phase shift φ between the incident pattern and resulting space charge field.
This phase shift is the result of the migration of the charges and is given
by,

φ = arctg

[
ED

E0

(
1 +

ED

Eq
+

E2
0

EDEq

)]
(1.4)

Final step is the modulation of the refractive index by an electro-optic
effect. If the index modulation is purely due to the linear electro-optic
effect, the refractive index modulation is given by,

4n(x) = −1
2
n3reffEsc(x) (1.5)

Here n is the average refractive index of the material and reff is the
effective electro-optic coefficient. The electro-optic effect is discussed in
Section 1.5.1. The model described here was modified by Schildkraut et.
al. to incorporate some of the important features of carrier generation
and trapping in polymers.14 In this model, an additional trap level was
introduced from which carriers can be thermally released.
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1.2 The two beam coupling effect

The unique property that makes photorefractive effect different from other
mechanisms capable of creating gratings is the phase shift between the
incident pattern and the resulting grating. This phase shift is unique
to photorefractive effect due to the very nature of the grating formation
mechanism itself.7,15 Due to this phase shift there exists an asymmetric
energy exchange between two mutually coherent beams interacting inside
a photorefractive medium.16 This energy exchange is considered to be the
signature of photorefractive effect.17

The beam which gains intensity is termed as the gain beam and the
other beam is called the pump beam. The change in intensity of each beam
along the z axis can be obtained from the coupled wave analysis and are
given by the following equations.17

∂I0.5
1

∂z
= −

(
π4n

λ

)
(I2)0.5 (1.6)

∂I0.5
2

∂z
= −

(
π4n

λ

)
(I1)0.5 (1.7)

The energy exchange in a photorefractive medium is described by the gain
coefficient Γ given by,18

Γ =
4π

λ
(ê1.ê

∗
2),4nsin(φ) (1.8)

where êi are the polarization vectors of the interfering beams. The gain
factor γ0, defined as the gain beam intensity with the pump beam on
divided by its intensity with the pump beam off, is evaluated first. The
gain factor and gain coefficient Γ are related according to,18

Γ =
1
l
[lnbγ0 − ln(1 + b− γ0)], (1.9)

where b = I2/I1 is the ratio of the intensities of the interacting beams
and l is the interaction length inside the medium. The direction of energy
transfer depends on the sign of the gain coefficient and the refractive index
modulation (4n).



6 Photorefractive polymer classes

1.3 Photorefractive polymer classes

The photorefractive effect was observed for the first time in LiNbO3 and
LiTiO3 crystals. The effect in an organic crystal was reported in 19905

with the subsequent report of the observation in a polymer in 1991.6

As photoconductivity and electro-optic response are among the require-
ments of photorefractive effect, a variety of reports came in the literature
demonstrating the photorefractive effect in polymeric systems that possess
both these properties. Among the various classes of photorefractive poly-
mers, the guest-host systems offer the maximum flexibility and tunability
of properties as each active component of such a system is simply doped in
to a selected polymer host.19 The main drawback of these systems is the
phase separation of the doped components. In some systems molecules ca-
pable of showing both photoconductivity and electro-optic response, which
are termed as bifunctional molecules, are doped to reduce the chances of
phase separation and to increase the overall stability of the system. The
molecule 1,3-dimethyl-2,2-tetramethylene- 5-nitrobenzimidazole can act as
a bifunctional molecule and a system with this molecule and poly(methyl
methacrylate) as host showed a diffraction efficiency of 7% and a two beam
coupling gain of 34 cm−1.20

Photorefractive polymer systems were also reported with an electro-
optic polymer as host and charge transporting molecules as dopant. In fact,
the first reported photorefractive system belong to this class. In this, the
electro-optic polymer bisphenol-A-diglycidylether 4-nitro-l,2-phenylenedia
mine was made photoconductive by doping with the hole-transport agent
(diethylamino)benzaldehyde diphenylhydrazone.6 Another approach was
to use a charge transporting polymer as host for electro-optic molecules.
The highest diffraction efficiency (near 100%) was reported for such a
guest-host polymer system.16 Here, the active molecules were 2,5-dimethyl-
4-(4-nitrophenylazo)anisole as electro-optic chromophore, Poly(N-vinyl car-
bazole) as charge transport polymer, N-ethylcarbazole as plasticizer and
2,4,7-trinitro-9-fluorenone as sensitizer. Phase separation and stability is-
sues made the introduction of another type of photorefractive systems in
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which all the required components are chemically attached to the polymer.21

These polymers, called fully functionalized polymers, are stable against
phase separation.22 The main disadvantage is the preparation of the
polymer itself as lengthy and complicated procedures may be required
for the synthesis.

The following sections discusses the basic processes of carrier genera-
tion, transport, trapping and electro-optic effect along with some theoret-
ical aspects. Experimental techniques, all of which were set up based on
literature, are discussed in later sections.

1.4 Photo-induced carrier generation and trans-

port

Photoconductivity refers to the increase in electrical conductivity when
a material is exposed to electromagnetic radiation of appropriate energy.
Photoconducting materials are usually insulators in the absence of light
but become more conductive upon irradiation with light, which means that
excess movable charge carriers are generated in the material on exposure
to light. Thus a photoconductor must,23

• Absorb light to create pairs of charge carriers (electrons and holes),
which can be separated under an electric field of required magnitude.
In the ideal case, each absorbed photon creates an electron-hole pair.

• Permit transport of the carriers under the applied electric field to-
wards the appropriate electrodes.

Photogeneration of carriers in polymers is believed to be a multi-step
process involving the creation of intermediate states rather than direct
generation of carriers following absorption of light. The photogeneration
and transport of carriers in organic photoconductors have been of great
interest for application in xerography.24
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1.4.1 Carrier generation in polymers

The initial process is the absorption of a photon at the charge generation
site. The absorbed energy leads to the formation of an excited state, which
is stable for a characteristic life time. The excited state may have a high
electric dipole moment in a suitable material due to charge separation,
this is called a charge transfer (CT) state. If unperturbed, the excited
species may relax back to the initial state releasing the absorbed energy as
a photon of light. It can also undergo a non-radiative relaxation by giving
away the energy to collective thermal modes within the material.25,26

The next step is the creation of coulombically bound pair of charges
from the excited species, the efficiency of which is called the primary quan-
tum yield of bound pairs. The two opposite charges of the bound pair can
undergo recombination. If an initially generated electron-hole pair recom-
bine, the process is termed as geminate recombination. If the pair that
recombine was generated independently, the process is bimolecular recom-
bination.27 The bound pair can be separated by the energy from a thermal
environment, or from an applied field.26 The model proposed by Onsager
in 1934 addresses the mathematics of field assisted escape from geminate
recombination. In the case of organic semiconductors, geminate recom-
bination proceeds via the recreation of the first excited state (CT1) and
the relaxation of this state to the relatively unpolar ground state, CT0.
The life time of the CT1 state determines the rate of relaxation and it is
electric field dependent.26,28 Figure 1.3 is a pictorial representation of the
discussed processes.

k
r

k
f

D + A

CT1 D+    ...    A-   
Free carriers

k
d
(E)

(Ground state)

hν

Figure 1.3: Representation of the steps towards carrier generation and
recombination in organic media as per the model of Braun.28 kd, kr and
kf are the rate constants associated with each process.
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The binding energy of the initial charge separated state (CT1) is given
by,26

4E ≈ e2

4πεε0a
(1.10)

Here, a is the separation between the bound charges. ε, ε0 and e are
the dielectric constant, permittivity of free space and the electronic charge
respectively.

If the material supports the creation of excitons, there exists a possible
alternative route to a CT1 state, i.e., through the creation of an exciton.
An exciton can be considered as a distortion of the electronic states that
persists long enough so that diffusion of the energy contained within it can
be possible. An exciton can also be considered a species with absorption
spectrum different from the molecule in the ground state and show fluores-
cence and stimulated emission.29 The exciton can dissociate at impurity
sites, interfaces with asymmetric ionization potentials or it can be disso-
ciated by a strong electric field.30,31 The exciton can diffuse to the site
with a different electron affinity, at which a CT1 state can be formed as
the exciton decays.26 This is shown schematically in Fig. 1.4.

DD

k
r
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f
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CT1 D+    ...    A-

Free carriers

k
d
(E)

*hω
Exciton 
diffusion

Figure 1.4: The model of Goliber and Perlstein describing the creation of
the CT1 state through the generation and diffusion of an exciton.

The creation of CT1 state is efficient if the exciton diffusion length (l)
defined by Eq. 1.11 is longer than the distance to the site of ionization
potential mismatch or impurity.

l =
√

Dτ (1.11)
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Here, D is the diffusion coefficient of the exciton and τ is the lifetime
of the exciton. If L is the thickness and α, the absorption coefficient, in
the limit L >> l (thick film) and α−1 >> l (low absorption), CT1 states
are photogenerated with a rate proportional to the product of absorption
coefficient, diffusion length and the intensity absorbed.26

1.4.2 Carrier transport in polymers

The second requirement for photoconductivity is the transport of created
charge carriers by the medium. In organic materials, the electronic in-
teraction between the molecules constituting the solid is weak and the
relative dielectric constant (ε) is low. The weak interaction implies narrow
valence, conduction and exciton bands. The low dielectric constant makes
coulombic interactions to play a major role.32 In contrast to inorganic
crystalline semiconductors, where charge transport proceeds through well
defined bands, in organic semiconductors carrier transport proceeds via
hopping within a positionally random (positional disorder) and energet-
ically disordered system of localized states.33 The terms positional and
energetic disorder implies that the distance between hopping sites and the
energy required to hop from one localized state to the other vary signifi-
cantly.

The photogenerated or injected carrier move within the transporting
medium in the general direction of the applied electric field. Carriers reside
in localized states (traps) most of the time and are released only if sufficient
energy is available to hop to the next available transport state.34 This is
the reason for the extremely small mobilities observed in photoconducting
polymers. Usually the carrier mobility is low and is in the range 10−2 to
10−8 cm2/Vs. Carrier mobility in polymers can be determined using the
time of flight (TOF) technique described in Section 1.6.1.35 Mobility in
polymers is field and temperature dependent due to the very nature of the
transport process itself. Gill’s model proposes that temperature and field
dependence of mobility must be log µ ∝ 1/T and log µ ∝ E1/2. In another
model due to Bässler, the temperature dependence has the form log µ ∝
1/T2 and field dependence log µ ∝ E.32
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1.4.3 Carrier trapping

Carrier traps are electrically active defects or sites capable of immobilizing
a moving carrier. Traps are usually classified in terms of their location
(interfacial and bulk), depth (deep and shallow) and origin (extrinsic and
intrinsic).36 These states have high influence on the carrier mobility in
a transporting polymer. According to the classical semiconductor theory,
states below the conduction band, which are able to capture electrons
are electron traps and states above the valence band which can capture
holes are hole traps. Both hole and electron traps are located between the
conduction and valence band edges of the semiconductor.37 In the case
of organic semiconductors where no well defined conduction or valence
bands are available, transport occurs by hopping between localized states.
These localized states can be either trap states or transport states. For
distinguishing a transport state from a trap state, the concept of transport
energy was introduced.38,39 It describes the energetic position of transport
levels through which hopping takes place. If the energetic position of
a localized state is below the transport energy, it will be considered as
a trap. States above the transport energy are transport states through
which hopping occurs.

In polymers, addition of molecules with ionization potential lower than
the polymer host will give rise to hole trapping. Holes will remain trapped
at these locations until an electron from a neighboring electron rich unit
gains sufficient energy and move to the trap. It is reported that at higher
number densities such trap states can form alternate transport levels.40

1.4.4 Photoconductivity

In photoconductors, electrons and holes, are generated by the action of
light. Only polymers capable of both generating charge carriers upon
exposure to light and transporting them through the bulk are true pho-
toconductors. The charge generation may also take place in an adjacent
photoactive layer, and the carrier may be injected into a polymer which
act as a charge transporting material only.24 In most amorphous organic
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media it is hole transport that is most significant.41 A hole (an electron
vacancy) can move through the material while the negative charge remains
immobilized and bound to the site of creation, which is therefore an anion.

If a photoconductor is irradiated with appropriate radiation, carrier
generation and recombination will take place. After reaching an equilib-
rium, the steady state carrier density will be,23

n0 = Gτ (1.12)

Here G is the rate at which carriers are photogenerated within the photo-
conductor and τ is the average time between generation and recombination
of a carrier (recombination time). The corresponding photoconductivity
is given by,

σph = n0eµ = Gτeµ, (1.13)

where e is the electronic charge and µ is the mobility, which is defined as
the velocity of the carrier in unit electric field. If the electrical contacts
provided to the photoconductor are ohmic in nature, the steady state
carrier density will not be affected by the application of an external voltage
to measure the light induced change in conductivity.23 The steady state
photocurrent density is given by,

Jph = σphE = GτeµE (1.14)

In the above equation, E is the electric field applied to the photoconductor.
The number of generated charges per absorbed photon is called the internal
quantum efficiency and is given by Eq. 1.15.14

Φint =
hc

eλln(α)L
Jph

I
(1.15)

Here I is the intensity of incident light, L is the thickness of the photocon-
ductor, α is the absorption coefficient and λ, the wavelength of light. The
material parameter of interest is the change in conductivity per incident
light intensity, called the photoconductive sensitivity. If Iph is the pho-
tocurrent, P0 the light power density, A the illuminated area and V the
applied voltage, photoconductive sensitivity (S) is given by,42

S =
IphL

P0AV
(1.16)



Role of photosensitizer molecules 13

Photoconductive sensitivity has the unit S.cm/W. Most of the polymers
are photoconducting only in the ultraviolet and thus suitable dyes are used
to extend their spectral sensitivity to the desired region. The photoconduc-
tor poly(N-vinyl carbazole) (PVK) has been the subject of intense studies
as it could give good photocurrents when doped with the electron acceptor
2,4,7,-trinitro-9-fluorenone (TNF).24,43 Fig. 1.5 shows the chemical struc-
ture of these molecules.
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Figure 1.5: Structure of (a) Poly(N-vinyl carbazole) and (b) 2,4,7,-trinitro-
9-fluorenone.

1.4.5 Role of photosensitizer molecules

Polymers studied for photorefractive application must not be strongly ab-
sorbing at the wavelength region of operation. This requirement is met
by the use of polymers with wider optical gaps. A wide gap between
the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) lead to optical absorption near the ultra-violet
region of the spectrum. As strong absorption lies outside the visible re-
gion, charge photogeneration at the wavelength of interest is brought about
by the addition of small concentrations of molecules with appropriate
HOMO and LUMO levels compared to the host polymer.24 Lower HOMO
and LUMO levels than the host matrix are preferred for this purpose.
These molecules are called photosensitizers. Details of the molecules ex-
amined in the present work for photosensitizing the polymer are given in
Section 1.4.6.
Photoinduced charge transfer initiated by a sensitizer depends on many
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factors. The following condition must be satisfied for an efficient charge
transfer.44

ID∗ −As − Uc ≤ 0 (1.17)

Here, ID∗ is the ionization potential of the excited state of the polymer
(donor), As electron affinity of the sensitizer molecule and Uc denotes the
coulomb attraction of the separated radicals. Polarizability of the sur-
rounding matrix plays an important role here.45 This condition alone may
not ensure an efficient charge transfer. The morphology of the polymer
which introduce a large separation between the donor and the acceptor or
a potential barrier which prevent the separation of the electron-hole pair
are two other factors which may prevent an energetically allowed charge
transfer process.44 Depending upon the polymer host, the sensitizer needs
to be either an electron acceptor or an electron donor. If the host is
hole transporting, the sensitizer must be an acceptor which forms radical
cations on photo-excitation. The charge transport is due to a series of
electron transfer processes between charged and neutral units or trans-
port is essentially a series of oxidation/reduction steps of molecular units
involved. Charge generation, transport and trapping are the important
requirements for photorefractive effect. The next requirement is refractive
index modulation through electro-optic effect. Section 1.5 deals with the
origin of this nonlinear optical effect in molecular systems.

1.4.6 Sensitizer molecules for photoconductivity

Most of the photoconducting polymers of interest are sensitive only in the
ultra-violet (UV) region of the spectrum. Sensitizer molecules are used to
extend the photocurrent generation ability of a given polymer to longer
wavelengths. Important sensitizers are phthalocyanines, squaraines, azo
dyes, perylene dyes, and thiapyrylium salts.24,46 The charge-transfer (CT)
complexes formed between a donor like and an acceptor like molecules
or moiety comprises an important class of sensitizers. The well known
PVK:TNF complex is an example.43 A molecule or atom with low ioniza-
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tion potential can be considered as an electron donor. Electron acceptors
are atoms or molecules which posses a positive electron affinity.47 These
molecules are termed according to the type of molecular orbital donating
or accepting electrons, e.g. σ and π donors or acceptors.

All molecules used in the present research study are strong electron
acceptor molecules, their chemical structure are shown in Fig. 1.6.
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Tetracyanoquinodimethane (TCNQ) 2,4,6-trinitrophenol (TNP)

C60

Figure 1.6: Structure of the electron acceptor molecules

The electron affinity (EA) of 7,7,8,8-tetracyanoquinodimethane (TCNQ)
was given to be 2.83 eV.48,49 The ionization potential (IP) of TCNQ was
reported to be 7.8 eV.50 From the experimental value of the optical gap
(2.85 eV), the LUMO of this molecule can be calculated to be 4.95 eV. This
value is consistent with the reported solid state electron affinity (4.5eV)51

of TCNQ assuming 0.45eV for the binding energy of the exciton. The gas
phase electron affinity of 2,4,6-trinitrophenol (TNP) was reported to be 1.9
eV.52 The value of electron affinity in solid phase will be higher than this
value.45 There are also reports of even lower values for the EA of TNP.53

It is assumed that the electron affinity of TNP in the solid phase is above
1.9 eV. The onset of absorption of TNP is at 461 nm, which corresponds
to an optical gap of 2.69 eV. Thus the Highest Occupied Molecular Or-
bital (HOMO) level of TNP must be below 5.1 eV. The theoretical value
of the ionization potential of TNP is 11.7 eV.54 The actual electron affini-
ties and ionization potentials differ depending on the polarizability of the
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surrounding matrix.45

Optical absorption spectra of the electron acceptors used in this work
are given in Fig.1.7.
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Figure 1.7: Absorption spectra of the electron acceptor molecules C60,
TNP and TCNQ in chloroform.

The HOMO and LUMO energy level values of C60 are 6.2eV and 3.6eV
respectively.55 This molecule and its more soluble derivative PCBM ([6,6]-
phenyl C61-butyric acid methyl ester) are among the important electron
acceptor molecules for organic photovoltaic devices.56,57 The capability
of electron transfer from C60 to organic molecules has been the subject
of intense research and it was found that photoinduced charge transfer
happens on a time scale of picoseconds.58 Different optoelectronic devices
have been demonstrated based on fullerene-semiconducting polymer het-
erojunctions.59

1.5 Nonlinear Optical Effects in Molecular Systems

Nonlinear optics deals with the nonlinear response of a material when it
interacts with the electric field of light. In the absence of perturbing fields,
the charge distribution in a medium is in equilibrium so that electrical neu-
trality is maintained. When it interacts with intense light, such as from
a laser, the charge distribution gets modified under the influence of the
strong electric field, and the medium is said to be polarized.60 The polar-
ization is dependent on the applied electric field and is given by equation
1.18.
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Pi = Pi(0) + εoχ
(1)
ij Ej + εoχ

(2)
ijkEjEk + εoχ

(3)
ijklEjEkEl + ... (1.18)

Where χ(n) are the nth order electric susceptibilities determining the
strength of the linear and higher order nonlinear effects. Equation 1.18
gives the induced polarization in the bulk of the medium which has its
origin in the molecular dipoles in the medium. At the microscopic level,
the dependence of the dipole moment of a molecule on the electric field is
given by equation 1.19.

µi = µi(0) + αijEj + βijkEjEk + γijklEjEkEl + ... (1.19)

where α, β and γ are the polarizability, first hyperpolarizability and
second hyperpolarizability respectively. It is the magnitude of these quan-
tities which determine the strength of the nonlinear optical effects in
molecular systems. They are the microscopic analogues of the suscepti-
bilities χ(n).60,61 The subscripts i, j, k etc. refer to relevant molecular
axes. The even order effects are absent in systems possessing centrosym-
metry in the bulk.

1.5.1 The Electro-optic effect

Electro-optic effect refers to an electric field induced change in refractive
index. If only one field of magnitude E is applied to a medium in which the
polarizations can be represented by equations 1.18 and 1.19, the refractive
index can be represented by,62

n(E) = n− 1
2
rn3E − 1

2
Sn3E2 + ... (1.20)

In eq. 1.20, n is the refractive index of the medium, r and S are
the coefficients determining the linear (Pockels) and second order (Kerr)
electro-optic effects. They are tensor quantities of rank three (33 compo-
nents) and four (34 components) respectively.63 The electro-optic tensor
elements can be expressed in terms of the second order nonlinear suscep-
tibility χ

(2)
IJK(−ω; 0, ω) as rIJK = −8πχ

(2)
IJK(−ω; 0, ω)/n4.64 Pockels effect
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can be observed only in non-centrosymmetric media. The coefficient r is
related to the molecular first hyperpolarizability β and an order parameter
< cos3(φ) > by equation 1.21.

r =
2Nf(ω)βcos3(φ)

n4
(1.21)

Here N is the number density of the molecules (chromophores) with nonlin-
ear optical properties, f(ω) = (n2 +2)/3 is the Lorentz-Lorentz correction
factor which relates the external electric field of electromagnetic wave to
the field in the medium. The term < cos3(φ) > represents the averaged
value of the angle of rotation of the dipole moments of chromophores.17 It
is given by,

< cos3(φ) >=
f(0)Epµg

5kT
(1.22)

Here f(0) is the Onsager correction factor relating the external applied field
(Ep) to the local field inside the polymer,65 µg is the ground-state dipole
moment of the chromophore, k is the Boltzmann constant and T is the
temperature in Kelvin scale. The order parameter is zero for centrosym-
metric media.17

1.5.2 Push-pull chromophores for nonlinear optical effects

It is known that organic molecules with electron donor and acceptor groups
possess high nonlinear optical properties. As evident from equation 1.21,
molecules with high values for the first order hyperpolarizability β, can
give rise to large electro-optic effect. For a molecule to show nonlinear
optical effects, the basic requirements are polarizability, asymmetric charge
distribution and an acentric crystal packing.66 The general structure of an
organic nonlinear optical chromophore is shown in Fig 1.8. There is a donor
type group and an acceptor type group connected through a π bridge. The
large second order susceptibilities of these types of organic molecules arise
from a strong charge transfer between the donor and acceptor units.67,68
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D ππππ    bridge A

Figure 1.8: The general structure of an organic nonlinear optical chro-
mophore.

At the molecular level, the parameters that can be changed are the rela-
tive electron affinities of the donor and acceptor groups and the length and
nature of the conjugated segment connecting the donor to the acceptor.
The presence of a strong dipole moment in the ground state is an indi-
cation that the molecule is having an asymmetric charge distribution. A
non-centrosymmetry must be maintained in the bulk for second order ef-
fects to be seen. Most of the molecules with large first hyperpolarizability
also have a strong permanent dipole moment and an ensemble of such
molecules will tend to align antiparallel in pairs, leaving no macroscopic
second order susceptibility. Poling techniques69 are usually employed to
break the centrosymmetry of the systems under study. Polymers doped
with such chromophores have shown to possess high electrooptic (EO) co-
efficients.70 Hydrogen bond directed aggregation may also be a potential
method to achieve non-centrosymmetry.71

1.5.3 Figure of merit of push-pull chromophores

The role of a push-pull molecule in a photorefractive guest host system is
to provide refractive index modulation in response to an electric field. The
refractive index modulation in inorganic PR crystals is mainly due to the
linear electro-optic effect.72 For polymeric photorefractive materials, con-
tributions arise also from Kerr electro-optic effect and the reorientation of
the chromophores in response to an electric field.13 The latter mechanism,
called orientational birefringence, can induce very large refractive index
modulation in photorefractive polymers with low glass transition temper-
atures. The ability of a chromophore molecule to induce refractive index
change is expressed as the figure of merit72 defined by Equation 1.23
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FOM =
1
M

[
9µgβ +

2µ2
g4α

kBT

]
(1.23)

Where M is the molecular mass, µg is the ground state dipole moment,
β is the first order hyperpolarizability, 4α is the anisotropy in linear po-
larizability, kB is the Boltzmann constant and T is the absolute temper-
ature. In systems with low glass transition temperature (Tg) where the
molecules are relatively free to rotate, the chromophores can reorient in
the applied/generated electric field. Due to the anisotropy in polarizabil-
ity of the chromophores, such a reorientation will induce refractive index
anisotropy which is termed as orientational birefringence.65 The first term
in equation 1.23 represents the contribution from the linear electrooptic
effect and the second term represents the contribution of orientational
birefringence (OB).

If the molecules are embedded in a polymer host with high Tg and
poled, the dominant component to the refractive index modulation will be
from the Pockels effect. In this case, the figure of merit can be assumed
to be,17

FOMPEO = 9µgβ0 where, β0 =
6µ2

ge4µ

E2
ge

(1.24)

Here µge is the transition dipole moment between the ground and
excited states, 4µ is the difference between the dipole moments in the
excited and ground states, and Ege is the transition energy. Thus magni-
tude of the refractive index modulation achievable in a guest host system is
determined by the figure of merit of the nonlinear optical chromophores,17

present in the host. This is further related to the molecular second order
susceptibility (β) and the ground state dipole moment (µg) of the dopant.

1.6 Experimental details

The following sections deal with the details of the experimental techniques
employed in this work to study the charge carrier generation, transport
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and electro-optic phenomena in polymers under study. The approach was
to study the photoconductivity and electro-optic effect in pure polymer or
blends and then to select systems with higher performance and suitable
spectral response for photorefractivity. All experimental setups were fab-
ricated in house and the verification of the results was done by measuring
the parameters of known materials and comparing it with reported values.

1.6.1 Time of flight experiment

The time-of-flight (TOF) technique is used to measure the mobility of the
careers in the polymer.73 In this, the molecule under study is sandwiched
between two electrodes, of which one is transparent to allow illumination
of the sample. In some cases, a carrier generation layer is used to photo-
generate and inject carriers to the polymer being studied. Illumination of
the sample using a highly absorbed pulse of light through one transparent
electrode creates a sheet of charge carriers, which drift under the electric
field. The duration of the pulse should be lower than the time taken by
the carriers to reach the other electrode. Current through the sample is
monitored as the potential drop across a load resistor connected in series
with the sample and power supply using an oscilloscope. The time taken
for the arrival of carriers at the other electrode is noted from an abrupt
decrease in the excess current after the excitation. If tr is the time taken
by the carriers under an electric field of magnitude E = v/d, where v is the
applied voltage and d the thickness, the mobility, which is defined as the
velocity under unit electric field, can be calculated using Equation 1.25.

µ =
d

trE
(1.25)

The arrangement for a TOF measurement is shown in Fig 1.9. In
our experiment, a thin layer of evaporated Selenium was given on the
ITO substrate to serve as a carrier generation layer prior to drop casting
the polymer. The laser was a pulsed Nd:YAG (Quanta Ray) with 10
ns pulse width and 532 nm second harmonic emission. The signal was
detected across a metal film resistor using a storage oscilloscope (TDS
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210, Tektronix).

4. Digital oscilloscope
5. Sample on ITO coated glass
6. Metal film resistor

1. High voltage power supply
2. Nd:YAG Laser (pulsed)
3. Neutral density filter

Figure 1.9: Experimental arrangement for Time-of-Flight mobility mea-
surement.

The pulse energy of the laser was adjusted so that total charge gener-
ated was below 0.05CV, C is the capacitance of the device and V is the
voltage applied. Also, care was taken to ensure that the time constant
(RC) of the circuit was less than the drift time of the carriers.

1.6.2 Current-voltage characteristics

Current-Voltage (I-V) characteristics and its temperature dependence in
an organic semiconductor based device can give important information
about the molecule being studied.74 A Keithley 236 Source-Measure Unit
was used to apply voltage to the sandwich cell and to record the current.
The measurements were done by keeping the sandwich cell thermally clamped
to the cold head of a closed cycle liquid helium cryostat which was equipped
with an auto-tuning temperature controller (LakeShore 321).

The electrical conductivity, defined as the ratio of the current density
to the electric field strength, is given by equation 1.26.

σ =
I

V

d

A
(1.26)
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where I is the current, V is the voltage applied, d is the thickness and
A is the effective area of the polymer between the electrodes.

The electrical conductivity of polymers is highly dependent on the ex-
tent of disorder in the system. Three regimes of conductivity are usually
identified based on the extent of disorder. They are metallic regime, critical
regime, and insulating regime.75 In the insulating regime, the low temper-
ature dc conductivity is usually described by the variable range hopping
(VRH) model.75 According to this, the dc conductivity has a temperature
dependence given by,76

σdc(T ) = σ0e
−(

T0
T

)γ
(1.27)

Here σ0 is a prefactor value of the conductivity, T0 is a characteristic
temperature T , the absolute temperature and the exponent γ depends on
the dimensionality of hopping conduction. The value of γ are 1/4, 1/3, or
1/2 for three-dimensional, two-dimensional, or one-dimensional hopping,
respectively. The value of the exponent can also go above 0.5, in which
case, the hopping transport is said to occur between the so called super-
localization states of the polymer.76

1.6.3 Steady state photocurrent measurement

Photocurrent measurement in the steady state involves measuring the
steady state current through the sandwich cell with and without light.
A Keithley 236 Source Measure Unit was used for the experiment. A
DC voltage is applied to the sandwich cell which is kept in dark and the
resulting current is measured with time. After the dark current through
the cell is stabilized, light is allowed to fall on the electrode area. Due to
the photoinduced change in conductivity, the current increases suddenly
and reaches a steady state. After reaching the steady state, light is cut off
and the measurement of current is continued till the dark value of current
is reached. If ID and IL are the steady state current values, prior to il-
lumination and after illumination respectively, the photosensitivity of the
polymer device can be written as,
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Iph =
IL − ID

ID
(1.28)

The experiential arrangement is shown schematically in Fig. 1.10.

Glass substrate

Light

Electronic
shutter

ITO coating

Polymer film

Silver electrode

Keithley 236 SMU

Figure 1.10: Experimental setup for steady state photocurrent measure-
ment.

1.6.4 Modulated photocurrent detection

In this method, the illumination is modulated using a mechanical chop-
per.77 The chopped light induces an alternating photocurrent in the cir-
cuit due to the carrier generation and subsequent loss. This induces an
alternating voltage across a load resistor. The voltage is then fed to a
lock-in-amplifier which is locked to the chopper frequency. The experi-
mental setup is shown in Fig. 1.11. This method directly gives the value
of photocurrent and the signal to noise ratio is higher due to the use of
modulated detection.
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1
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6

7

1. Light source
2. Chopper controller
3. Sample
4. Mechanical chopper
5. Lock-in-amplifier
6. Load resistor
7. High voltage DC power supply

Figure 1.11: Setup for modulated photocurrent detection

In this work, the modulation frequency was selected between 20 and
30Hz and is specified along with the results. The photoconductive sensi-
tivity, defined as the change in conductivity per unit light intensity, was
calculated using equation 1.16.

The light source used for spectrally resolved measurement of the pho-
tocurrent was the dispersed output of a Fluoromax - 3 Fluorimeter, in
which, a 150W Xenon lamp was the source. All measured spectra have
been corrected for the spectral distribution of the lamp shown in Fig.
1.12.77
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Figure 1.12: Spectral intensity distribution of the Xe lamp.

The photocurrent action spectra given in this thesis are for 1 mW
incident power. The lock-in-amplifier was model SR830 (Stanford Re-
search Systems), mechanical chopper was model SR540 (Stanford Re-
search Systems) and High Voltage power supply model was model PS350
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(Stanford Research Systems). The load resistor was a metal film resistor
for increased stability.

1.6.5 Cyclic voltammetry

Cyclic voltammetry (CV) can be used to determine the oxidation and
reduction potentials of a molecule. In this technique, the molecule is dis-
solved in a solvent with higher oxidation/reduction potential and used as
the electrolyte of a cell. A potential sweep is applied to the electrode
and the corresponding faradaic current (current due to redox reaction) is
measured. The potential of the electrode is controlled and referenced to a
standard. In the present case, Ag/AgCl was the reference electrode.

Experiments were done in a three electrode BASi epsilon electrochemi-
cal cyclic voltameter. The measurement was carried out at room tempera-
ture in dimethylformamide solution containing 0.1 M tetrabutylammonium
chloride as supporting electrolyte with a glassy carbon working electrode.
The instrument was calibrated with the standard ferrocene/ferrocenium
redox system.

1.6.6 Determination of electro-optic coefficient

The electro-optic coefficient of the composites were studied in the trans-
mission mode ellipsometric method65,78 which is a modification of the
reflection geometry proposed independently by Teng & Man79 and Schild-
kraut.80 Most of the experimental techniques rely on the measurement of
the electric field induced phase shift between the two orthogonal compo-
nents of electric field vector of the light wave after passing through the
sample. The experimental arrangement for the electro-optic coefficient
measurement is shown in Fig. 1.13.

Light from a He-Ne laser (632.8nm) was polarized at 450 and passed
through a Soliel Babinet Compensator (SBC-VIS, Thorlabs), the sample
and the analyzer. The angle (α) between the sample normal and the laser
beam was 450, but could be increased if required for higher modulation.
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1. High voltage DC source
2. Function generator
3. Lock-in-amplifier
4. DC-AC modulator
5. Laser

  6. Polarizer
  7. Soleil Babinet Compensator
  8. Sandwiched sample
  9. Polarizer as analyzer
10. Photodiode

Reference Signal

Figure 1.13: Experimental arrangement for electro-optic measurements

The phase difference between the Ex and Ey components of the elec-
tric field vector of the beam could be varied by the SBC, before the
sample. An alternating voltage (variable from 30Hz to 1.5kHz) is applied
to the sample to induce electro-optic effect and the transmitted intensity
was detected with the photodiode (PDA55-EC, Thorlabs) and a lock-in-
amplifier (SR830, Stanford Research). The alternating voltage was pro-
duced by switching the DC voltage from the PS350 (Stanford Research)
power supply using a solid state rely model M221, which was generously
supplied by Solid State Optronics Inc, USA. A function generator (DS340,
Stanford Research) was used for driving the rely. The high frequency limit
(1500Hz) of the experiment was set by the switching time of this rely. A
storage oscilloscope (TDS210, Tektronix) was used to monitor the wave-
form and to measure the magnitude of the high voltage ac signal produced
by the rely.

Initial measurement of the intensity of transmitted beam was done by
varying the phase shift introduced by the SBC without any electric field.
Then an ac electric field was applied. Maximum modulated intensity was
obtained when the phase shift between Ex and Ey components was π/2
or 3π/2.79,81 Fig. 1.14 shows the typical variation of the transmitted
intensity and the modulated intensity with the phase shift introduced by
the SBC. The position of the compensator was fixed at the maximum
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modulated intensity position and intensity of modulations in transmitted
light was measured with applied field.
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Figure 1.14: Variation of the transmitted intensity and the modulated
signal with SBC introduced phase shift.

The field dependence of index of refraction for x and y polarization
directions is different. This introduces a field dependent phase difference
between the two polarization components. As the polarizers are crossed,
the transmitted intensity depends on this phase difference denoted by ψxy.
The transmitted intensity will be,

It = Iisin
2

(
ψxy + ψSBC

2

)
(1.29)

In equation 1.29, ψSBC represents the phase difference introduced by
the SBC and Ii, the incident intensity. If ψSBC is fixed at π/2, the intensity
depends only on ψxy. The position corresponding to ψSBC = π/2, is
marked as A in Fig. 1.14. At this position, application of an ac electric
field will produce small oscillations in It due to the alternating value of
ψxy in response to the field.
For high Tg poled polymers, the electro-optic coefficient r33 is given by the
following expression.78

r33 =
3Imλn[n2 − sin2(α)]

1
2

Iiπn3Vacsin2(α)
(1.30)
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This expression neglects the effect of field induced birefringence in low
Tg polymers.78 Thus for this class of polymers, the experiment has to be
done in such a manner that the rod like chromophores can not follow the
ac field. This can be done either by applying a DC field superimposed with
an AC field to probe the modulation or the experiment can be performed
at high frequencies. In low Tg polymers, electro-optic response functions
are also used.78 The above equation assumes the validity of Kleinmann
symmetry. This means that the components of the susceptibility tensors
χ(2) and χ(3) are invariant under change of subscripts.82 The experiments
were performed with 632.8 nm light, far from the absorption edge of the
composites so that the above assumption is valid.

1.6.7 Electric poling

The linear electro-optic effect requires a finite value for the second-order
susceptibility. This further requires that the polymer system must not be
centrosymmetric. This condition is ensured by orienting the chromophores
in such a way that the system does not possess a center of symmetry.
Usually, electric field poling is used for aligning the chromophores and to
bring about a macroscopic second order susceptibility.69

Electric field poling can be done either in the contact mode or in non-
contact mode. Corona poling83,84 is a non-contact method which has the
advantage of reaching high electric field strengths while controlling the
current through the sample. Contact poling85 has the disadvantage of
higher degree of sample breakdown due to the current flow through the
sample.

Both corona poling and contact poling must be performed at elevated
temperatures. Usually, the polymer is brought to its glass transition tem-
perature and the poling field is applied. Under the high field, the chro-
mophores undergo rotation in the general direction of the electric field.
After poling, the system is returned to room temperature while maintain-
ing the applied field so that the chromophores do not reorient to generate
a centrosymmetry.84 A macroscopic second order susceptibility can also
be achieved using optical poling.86–88
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The degree of polar order in the sample is usually expressed as an order
parameter.84 Poling leads to a change in absorbance and this change can
be used to estimate the polar order in the system. The order parameter φ

can be estimated as 1-(A⊥/A0), where A0 is the absorbance of the unpoled
film and and A⊥ is that of the poled film taken with the electric field of
the probing light perpendicular to the poling direction.84,89

1.6.8 Role of plasticizing agents

Plasticizers are used to reduce the glass transition temperature of the
polymer so that its flexibility is enhanced. The plasticizer acts similar to a
solvent. These molecules are inserted between the polymer chains thereby
pushing them apart which causes a reduction in the intermolecular cohesive
forces. The plasticizers used in the present work were Ethyl carbazole
(ECZ) and Dioctylphthalate (DOP). The structure of these molecules are
shown in Fig. 1.15. Plasticizing a photorefractive system with ECZ was
reported as a method to improve the photorefractive performance.90
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Figure 1.15: Structure of the plasticizers (a) Ethyl carbazole and (b)
Dioctylphthalate.

1.7 Aim and outline of the thesis

The photorefractive effect is an important property that makes a material
suitable for a variety of optical applications. In this work, an attempt was
made to study some potential new materials as photoconducting hosts and
electro-optic materials for photorefractive polymer systems. The strategy
was to study photoconductivity and electro-optic effect separately and
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then make composites using well performing molecules. As most of the
molecules examined in the present work were not considered in the past
for these applications, studies were done with a view to gain maximum
possible information about each of them, so that they can be considered
for other applications also.

The second chapter deals with photoconductivity, one of the main re-
quirements for photorefractivity. This chapter describe the study of photo-
conductivity in two polymer systems. One of them belongs to the class of
molecularly doped polymers which are considered to be the simplest pho-
toconducting systems. Poly(methyl methacrylate) was used as host for
making this photoconducting system. Another system was the polymer
Poly(2-methacryloyl-1-(4-azo-1’-phenyl)aniline-co-styrene) sensitized with
the molecule C60. Photoconductive sensitivity of this system was found
to be of the order of typical photorefractive systems. The third chapter is
about three polybenzoxazines which were studied for photoconductivity.
One of these polymers was found to be highly sensitive when doped with
C60.

Solvatochromic study of some p-nitroaniline derivatives as nonlinear
optical chromophores for electrooptic functionality is described in chapter
four. Aim was to select molecules with higher values for the photorefrac-
tive figure of merit. The ground and excited state dipole moments and the
first hyperpolarizability were estimated. Electro-optic effect, the second re-
quirement for photorefractivity, is discussed in chapter five. Sixth chapter
deals with the preparation of photorefractive composites. Many possibil-
ities were tried to find a well performing composite out of the molecules
examined. The results of two beam coupling experiment are given in this
chapter. Chapter seven outlines the main results of the work and throws
some light on future prospects.
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H. Bässler, “The effect of deep traps on carrier hopping in disordered organic materials,”

Synth. Met. 138, 209–212 (2003).

[39] D. Monroe, “Hopping in Exponential Band Tails,” Phys. Rev. Lett. 54, 146–149 (1985).

[40] G. G. Malliaras, V. V. Krasnikov, H. J. Bolink, and G. Hadziioannou, “Control of charge

trapping in a photorefractive polymer,” Appl. Phys. Lett. 66, 1038–1040 (1995).

[41] H. Kang, K. Kim, M. Kim, K. Park, K. Kim, T. Lee, J. Joo, K. . Kmi, D. Lee, and J. Jin,

“Electrical and optical characteristics of various PPV derivatives (MEH-PPV, CzEH-PPV,

OxdEH-PPV),” Curr. Appl Phys. 1, 443–446 (2001).

[42] S.-H. Park, K. Ogino, and H. Sato, “Synthesis and characterization of a main-chain polymer

for single component photorefractive materials,” Synth. Met. 113, 135–143 (2000).
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CHAPTER

TWO

Photoconductivity Studies on Molecularly Doped Poly

(methyl methacrylate) and Poly(2- methacryloyl -1-

(4-azo-1’-phenyl) aniline-co-styrene)

2.1 Introduction

Semiconducting organic materials are being investigated with high impor-
tance due to the potential of such materials in displays, flexible electronic
gadgets, solar cells etc. Photoconducting polymers attracted consider-
able interest following the introduction of Copier 1 series of IBM in which
the polymer photoconductor Poly(N-vinyl carbazole) doped with 2,4,7,-
trinitro-9-fluorenone was used for the first time.1 Photogeneration of car-
riers and good mobility for the generated carriers are among the main
requirements of photorefractive effect. The carrier mobility directly deter-
mines the speed of grating formation in photorefractive polymers.2 The
storage life depends on the extent of time up to which the generated space
charge last. It is believed that traps are responsible for the storage of the
space charge3 and they are also liable to thermal release, a process that
will erase the information content.

In this chapter, two photoconducting polymer systems are described.
They were studied for possible use in photorefractive polymer systems.
The first one was based on a simple approach called molecular doping and
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the second was a side chain polymer. Details of these photoconducting
systems are given after a brief discussion of different classes of polymer
photoconductors.

2.2 Photoconducting polymers - Classification

Based on the structure and/or nature of active units that give rise to pho-
toconductivity, these polymers can be classified broadly into the following
groups.

• Molecularly Doped Polymers

• Polymers with pendant or in-chain electronically isolated
photoactive groups with large π-electron density.

• Polymers with π-conjugated main chain

• Polymers with σ-conjugated backbone

2.2.1 Molecularly doped polymers

Molecularly doped polymers (MDP) are systems in which the molecules
giving rise to carrier generation and transport are incorporated in to an
inert polymer matrix (Fig. 2.1). The name ‘molecular doping’ came from
the fact that the doped molecules essentially retain their identity in the
host polymer.

CG
CT

Inert Host

Figure 2.1: Molecularly doped polymers comprise an inert polymer host
dispersed with Charge Generating (CG) and Charge Transporting (CT)
molecules.
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The dopants in molecularly doped polymers have only weak interactions
through Van der Waals forces, invalidating the application of classical band
transport model to describe the charge transport.4 Usually the concentra-
tion of active molecules in these systems range from 1 to 50% and thus
the term doping is different from that employed with inorganic semicon-
ductors.5

Molecularly Doped Polymer systems offer the maximum flexibility in
design as each component is separately added to the host matrix.6 There
are reports of using this design approach in the fabrication of optoelectronic
devices like electroluminescent devices and electro-photographic photore-
ceptors.7 The photoconducting material studied first was a molecularly
doped polymer. Details of this polymer system are given in Section 2.4.

2.2.2 Polymers with pendant or in-chain photoactive groups

This class of photoconducting polymers have active units responsible for
photoconductivity in the main chain or pendant to the main chain as
illustrated in Fig. 2.2. The well known photoconductor PVK belongs to
this class. There are also many other photoconductive polymers which
belong to this class.8,9

Figure 2.2: Polymers with (a) pendant and (b) in chain photoactive groups.

Most of the photoconducting polymers in this class contain the aromatic
amino group as the building block.10

2.2.3 Polymers with π-conjugated main chain

Polymers with π conjugated main chain are normally found to be electri-
cally conducting. But there are many reports of photoconductive macro-
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molecules with conjugated C=C, C=N, N=N and C≡C bonds. One of
the problems associated with this type of molecules is the higher dark
conductivity due to the high degree of delocalization of electrons.10

2.2.4 Polymers with σ-conjugated backbone

Polymers with σ-electron conjugation were also reported to be photocon-
ducting. Polysilanes are widely studied as the silicon backbone with σ-
electron conjugation permits delocalization of electrons along the chain.11

2.3 Photoconducting polymer systems studied

Two photoconducting polymer systems are presented in this section. First
system belongs to the class of molecularly doped polymers explained in
Section 2.2. The second system comprises a new co-polymer synthesized
in the lab. The molecule was photoconducting in the visible region of the
spectrum. Results obtained when it was doped with a sensitizer molecule
are also presented.

2.4 Molecularly doped poly (methyl methacry-

late)

There are many types of polymer photoconductors as described in Section
2.2. In this work, we first investigated a molecularly doped polymer
system. This class offers the maximum control over the properties as each
component (charge generators and transporting units) can be incorporated
in to the polymer matrix to the desired level. The maximum extent pos-
sible is determined by the phase separation or crystallization of the doped
molecules. Charge transport in molecularly doped systems was subjected
to numerous investigations6,12,13 and the mechanism of transport was ac-
cepted to be hopping through a manifold of localized states whose energetic
distribution is gaussian.14 The activation energy needed for hopping is a
function of electric field and molecular separation.6 It is considered that
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the electric field has an effect of lowering the energy required to hop from
one localized state to the other.12

Photoconductivity measurements were done in the sandwich cell con-
figuration.15 In this method, the active material is sandwiched between
two electrodes. One of the electrodes must be transparent so that the
sample could be illuminated by photons of suitable wavelength. In this
study, Indium Tin Oxide (ITO) coated glass plates were used as the sub-
strate so that ITO served as the transparent electrode. The other electrode
was vacuum deposited silver. The noble metal Ag could form unreacted
contacts to organic molecules,16 and the rate of evaporation of silver was
kept low to avoid damage to the film surface.

2.4.1 Preparation of sandwich cells

Molecularly doped poly(methyl methacrylate) (PMMA) comprises ani-
line (AN) as electron donor and 2,4,6-trinitrophenol (TNP) as electron
acceptor. AN (SD Fine Chemicals, India) was purified by distillation
and TNP (SD Fine Chemicals, India) by two fold recrystallization using
ethanol. Concentration of TNP was kept low to reduce chances of phase
separation and AN was added in excess to make 1 : 100 mole ratio between
the components TNP and AN. The samples were labeled according to the
dopant ratio present in the PMMA host as follows, S0 (TNP alone), S1
(AN alone), S11 (TNP: AN = 1:1) and S100 (TNP: AN = 1:100). The
samples were prepared by drop-casting a 7 wt% solution of the compo-
nents in spectroscopic grade chloroform onto ITO coated glass plates. The
ITO plates used in this work had a layer thickness of 2000 Å and a sheet
resistance of 10 Ω/2.

The solution was filtered using a 0.2 µm Teflon filter prior to casting.
The breakdown electric field of the films without this filtering process
was ∼ 20 V/µm whereas films prepared after filtration could withstand
fields up to 90V/µm. After drying at 28±10 C for 12h, the samples were
transferred to a vacuum desiccator and kept at ∼ 10−2 Torr. A drying
period of total 48 h (at 280 C) was given for complete solvent removal.
Thickness was determined using a Dektak 6M Stylus profiler. Thickness
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could be adjusted to be in the range 15 - 30 µm by varying the viscosity
and amount of solution transferred to the ITO. Finally, silver electrodes
of area 5x5 mm2 were vacuum deposited on to the films to complete the
sandwich structure. The sandwiched samples in the present case were 16
µm thick.

2.4.2 Optical absorption spectra

The optical absorption spectra of the samples were recorded using a Jasco
V-570 spectrophotometer. The absorption spectrum (Fig. 2.3) showed
both red shift in the absorption band and an increase in absorbance. These
changes, termed as bathochromic and hyperchromic shifts respectively,
in the absorption spectrum of S11 compared to S0 or S1 indicated the
formation of a charge transfer (CT) complex between TNP and PA. This
is similar to the CT complex formation in PVK: TNF photoconductive
system.17 A CT complex is usually formed between an electron donating
and electron accepting type molecules.18
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Figure 2.3: Structure of the molecules (a) PMMA (b) AN and (c) TNP
and absorption spectra showing bathochromic and hyperchromic shifts.

The spectra of S11 and S100 were similar but there was an increase in ab-
sorbance. Absorbance showed a strong dependence on the concentration
of the donor molecules. Due to the strong electrostatic interaction between
the donor AN molecules and TNP (the acceptor) molecules, multimolecu-
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lar assembly of AN molecules around TNP might be formed similar to a
solvent cage. This could be the reason for the dependence of absorbance
on the concentration of AN.15

2.4.3 Temperature dependence of conductivity

Electrical measurements were carried out with ITO biased negative so that
the probability of injection of holes could be reduced. The temperature
dependent current-voltage measurements (in dark) were done as explained
in Section 1.6.2.

Variation of dark conductivity with temperature was noted for the
samples. The Arrhenius plots of S1, S11 and S100 are shown in Fig. 2.4
for a limited temperature range.
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Figure 2.4: Arrhenius plots of the samples S1, S11 and S100. A change in
conductivity could also be understood.

The electrical conductivity of S11 sample was less compared to S100 and
S1. This could be due to the fact that in S11, the major units were
AN:TNP complexes, which release less number of free carriers while S100
and S1 hosted excess donor type molecules. S11 showed an Arrhenius
behavior with activation energy of 0.20 eV. In S1, the activation energy was
0.16 eV. This type of increase in activation energy on complex formation
was observed in other systems also.19 Sample S100 was also similar but
the activation energy was slightly increased to 0.22 eV.
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As thermal activation was involved, the conduction mechanism could
be either thermionic emission or hopping conduction.20 The I-V plots were
linear (I ∝ V ) ruling out the possibility of thermionic emission where, a
behavior of the type I ∝ V 1/2 would be observed.20 So the dominant
conduction mechanism in the material appeared to be temperature as-
sisted hopping between localized states, similar to other molecularly doped
systems.6

2.4.4 Photocurrent in molecularly doped PMMA

Spectrally resolved photocurrent (action spectra) measurements were done
using the modulated photocurrent setup explained in Section 1.6.4. The
spectral light intensity distribution of the illuminating source was shown in
Fig. 1.12, the intensity was slightly less than 1mW/cm2. The photocurrent
action spectra of the samples S0, S11 and S100 are shown in Fig. 2.5.
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Figure 2.5: Action spectra of S0, S11 and S100 (30 Hz, 26.6V/µm).

In S11, the photocurrent yield was very small. In sample S100, the pho-
tocurrent was higher with considerable increase of current in the visible
region. There was no photocurrent for S1, small current for S11 and in-
creased current for S100 and S0. The photoaction spectrum of S100 was
similar to the absorption spectrum of S11. Generation of carriers by AN
can be neglected as this molecule do not absorb in the visible region. These
facts show that the generation of carriers in S100 was by the CT units,
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with excess AN acting as transport units. The increased photocurrent
yield was obtained for the sample S100, which incorporated both charge
generators and transporting units. This sample was further studied for the
field and intensity dependence of photocurrent.
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Figure 2.6: Photocurrent as a function of applied electric field at different
photon energies at 30 Hz.

Photocurrent showed a power-law behavior of the form Iph ∝ Eβ with
respect to the electric field (Fig 2.6), with the exponent having lower values
at higher photon energies.
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Figure 2.7: Intensity dependence of photocurrent at an applied field of
26.6V/µm, 30 Hz.

The value of β = 0.78 for 3.82 eV (325nm), 1.2 for 2.81 eV (441.6nm)
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and 1.8 for 2.54 eV (488nm) showed the increasing dependence of Iph on
electric field for low-energy photons. Dependence of the photocurrent on
intensity of illumination was also studied at three different photon energies
(Fig. 2.7). Intensity dependence was linear and yielded good fits to the
power-law, Iph ∝ W γ with γ = 0.99 for 3.82 eV, 1.11 for 2.81 eV and
1.12 for 2.54 eV. The maximum value of the light intensity used was 6.3
mW/cm2. Linearity of photocurrent with light intensity indicated the ab-
sence of bimolecular charge carrier recombination and space charge effects.
It also indicated the absence of heating effects.21

The steady state photocurrent measurement showed (Fig. 2.8) the
change in current through the sample on laser irradiation. The photocon-
ductive sensitivity of the MDP was calculated using equation 1.16.
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Figure 2.8: Variation of current through the sandwich cell S100 on light
exposure.

The photoconductive sensitivity of this system was of the order of 10−13

S cm/W, estimated from DC photocurrent measurements. The PMMA
composite with a ratio of 1:100 between TNP and AN was found to be a
photoconductor. But the use of this composite was limited as the value of
sensitivity was low. Also, phase separation of the components may arise
when another molecule is added to impart electro-optic functionality to
the photoconductor. Thus possibilities of more stable systems with less
number of components were looked at and a photoconducting polymer,
which was photoconductive with a higher sensitivity was studied. The
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next section gives the details of this single component photoconductor and
the results of the studies done.

2.5 Poly(2-methacryloyl-1-(4-azo-1’-phenyl)aniline

-co-styrene)

The molecule, Poly(2-methacryloyl-1-(4-azo-1’-phenyl)aniline-co-styrene),
which was labeled as (PAz), could be synthesized by a free radical co-
polymerization of the monomers 2-methacryloyl-1-(4-azo-1’-phenyl) ani-
line and styrene.22 The number average molecular weight (Mn) was 4987
and weight average molecular weight (Mw) was 12326, as estimated using
size exclusion chromatography. The polydispersity index (Mw/Mn) was
2.47. The glass transition temperature (Tg) of the polymer was deter-
mined using differential scanning calorimetry (DSC) and found to be 65.4o

C. Structure of the polymer is shown in Fig. 2.9.22

N
N

NH
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H2C

CH3

CH2

nm

CH

Figure 2.9: Structure of Poly(2-methacryloyl-1-(4-azo-1’-phenyl)aniline-
co-styrene)

The main chain of the polymer is non-conjugated but there are electron
rich pendant groups attached to this chain. It showed photoconductivity
in the pristine as well as doped states. The molecule C60 was used as a
sensitizer for this polymer. Some properties of this sensitizer are given in
Section 1.4.6.
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2.5.1 Cyclic voltammetry

The semiconducting properties of molecular semiconductors are highly de-
pendent on the position of the Highest Occupied and Lowest Unoccupied
molecular orbitals (HOMO and LUMO).23,24 The value of LUMO energy
level can be estimated from the reduction potential of the molecule. The
HOMO level is usually obtained by adding the value of optical gap to the
value of LUMO. Cyclic Voltammetry was done to estimate the reduction
potential of the polymer as explained in Section 1.6.5. The potential was
cycled between 0 to -2 V at a constant sweep rate of 25 mV/s. The cyclic
voltammogram of PAz is shown in Fig. 2.10

Figure 2.10: Cyclic voltammogram of PAz.

The onset of reduction was at -626 mV. The corresponding LUMO position
was estimated to be 3.77eV. Considering the optical gap as the separation
between the HOMO and LUMO levels, the HOMO was estimated to be at
5.75eV. The optical gap was estimated to be 1.98 eV.

2.5.2 Preparation of sandwich cells

Photoconductivity measurements were done in the sandwich cell config-
uration. Spectroscopic grade chloroform was used to prepare an 8 wt%
solution of PAz. 1% dioctyl phthalate (DOP) was also added to this
solution to increase the adhesion of the polymer to ITO coated substrates.
After filtering through a 0.45 µm Nylon filter, the solution was drop cast
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onto ITO coated glass plates. After drying at 28±10C for 12 h, the samples
were transferred to a vacuum desiccator and kept at ∼ 10−2 Torr. A dry-
ing period of total 48 h (at 280C) was given for complete solvent removal.
Thickness was determined using a Dektak 6M Stylus profiler. Thickness
could be adjusted by varying the viscosity and amount of solution trans-
ferred to the ITO. Electrodes were deposited on to the films by thermal
evaporation of silver to get the sandwich structure. The active area of the
device was 36 mm2. The sandwiched samples in the present case had a
thickness of 15 µm. The cell was labeled as ITO/PAz:DOP/Ag.

Sensitized polymer sandwich cells were also prepared by the above
method. The concentration of the sensitizer C60 was 4.5x10−6 moles in
an 8 wt% solution (7ml) of PAz. The structure of the cell was ITO/PAz:
C60:DOP/Ag.

2.5.3 Optical absorption and fluorescence spectra

Absorption spectrum of a solution of the polymer in chloroform and that
of a 1.9 µm thick film cast from chloroform solution are shown in Fig.
2.11. Owing to the good absorption in the visible region, the color of the
polymer was dark brown.
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Figure 2.11: Absorption spectra of PAz in film form (on quartz). Inset
shows the spectrum of a chloroform solution of PAz.

Absorption spectra of PAz, when doped with C60, showed only a slight



52 Optical absorption and fluorescence spectra

modification (Fig. 2.12). There was no new bands present in the new
absorption spectra, instead, it could be considered as a simple overlapping
of both the spectra. Similar to the case of MEH-PPV/C60 composites,
this could be due to weak mixing of the ground state electronic wave
functions.25
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Figure 2.12: Absorption spectra of PAz after sensitizing with C60 along
with the spectra of individual molecules.

The fluorescence emission of PAz was also recorded for excitation at 400nm.
This is shown in Fig. 2.13. In the solid state, the emission intensity was
very low and slightly shifted towards longer wavelengths.
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Figure 2.13: Fluorescence spectra of PAz with excitation at 400 nm.

The fluorescence emission was recorded for the C60 doped polymer also.
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The emission intensity was reduced by ≈ 40% when doped with C60. This
fluorescence quenching in C60 doped polymers is reported in the litera-
ture as a result of an ultra-fast electron transfer reaction.26 Fluorescence
quenching effect of the dopant is shown in Fig. 2.14. The emission inten-
sity of both doped and undoped films were normalized to the maximum
emission intensity of the undoped film for easy comparison.
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Figure 2.14: Fluorescence quenching action of C60. Excitation was at
400nm.

2.5.4 Photocurrent measurements

Modulated photocurrent method was used to study the spectral response
of PAz. Both undoped and C60 doped polymers were subjected to the
study. Fig. 2.15 and 2.16 show the spectral distribution of photocurrent
in ITO/PAz:DOP/Ag and ITO/PAz:C60:DOP/Ag respectively. Photocon-
ductivity was observed in the entire visible region for this molecule. Higher
photocurrent was observed above ∼ 550nm. It is known that in polymer
photoconductors, the primary excited species are singlet and triplet exci-
tons with binding energy of the order of 0.5 eV.27 It is the dissociation of
these species that lead to carrier generation.28 The photocurrent genera-
tion in this polymer could also be by the dissociation of excitons, which
otherwise undergo recombination, in the presence of electric field or impu-
rities.27,29,30
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Figure 2.15: Photocurrent action spectrum of ITO/PAz:C60:DOP/Ag cell,
(10 V/µm, 30 Hz).

Photocurrent showed a small dependence on the polarity of the electrodes.
This could be due to changes in charge injection. Fluorescence quenching
observed in the case of C60 doping indicate either energy transfer or charge
transfer, which are competing processes in donor-acceptor systems.28

300 350 400 450 500 550 600 650 700

5

10

15

20

25

30

 

 

P
ho

to
cu

rr
en

t (
µA

/m
2 )

Wavelength (nm)

 ITO
neg

 ITO
pos

Figure 2.16: Photocurrent action spectrum of ITO/PAz:C60:DOP/Ag cell
(10 V/µm, 30 Hz).

Doping of PAz with C60 increased the overall photocurrent yield along
with higher photocurrent at lower photon energies. The increased pho-
tocurrent and the fluorescence quenching upon doping with C60 might be
due to an efficient charge transfer instead of energy transfer between the
polymer and the dopant. Steady state photocurrent measurement was
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done using a diode laser operating at 650nm as explained in Section 1.6.3.
Fig. 2.17 shows the variation of current through the sandwich device
ITO/PAz:C60:DOP/Ag on laser irradiation.
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Figure 2.17: Variation of current through the sandwich cell
ITO/PAz:C60:DOP/Ag on light exposure (at 3.5V/µm). Irradiation was
from a diode laser (650nm, 1mW).

The sudden increase and decrease in current on laser irradiation and cutoff
showed that the response of PAz to light was fast. Also, the initial and final
values of dark current were of the same order. These facts indicate that the
change in conductivity was not due to any light induced chemical reactions.
The change in current on irradiation was not due to any heating effects
caused by the beam as the absorption of the film at this wavelength was
weak and the intensity of the beam was small. The fluctuations in steady
state current was due to the instability of the diode laser output. The pho-
toconductive sensitivities of the polymer when doped with C60 were 17.6,
16.6 and 22.9 x 10−12 Scm/W at 440, 530 and 630nm respectively, based
on modulated photocurrent measurements. This value of photoconductive
sensitivity is comparable to typical values reported in the literature.31

2.6 Summary and conclusions

In this chapter two photoconducting polymer systems were studied, of
which one was a simple molecularly doped photoconductor and the other
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was a polymer with electron rich pendant units. Temperature dependence
of conductivity of molecularly doped PMMA showed that the conduction
was supported by hopping of carriers between localized states. The photo-
conductive sensitivity was found to be of the order of 10−13 S cm/W only.
Also, a multi-component system like molecularly doped PMMA may not
be able to withstand phase separation when other molecules are added to
the system to impart electro-optic functionality.

Photoconductivity was established in Poly(2-methacryloyl-1-(4-azo-1’-
phenyl)aniline-co-styrene) using spectrally resolved photocurrent measure-
ment and DC photocurrent study. The photoconductive sensitivity of this
molecule in the undoped state was of the order of 10−12 S cm/W and
it depends on the irradiation wavelength. Presence of the molecule C60

extended the response of this molecule to longer wavelengths along with
a higher photocurrent yield. The sensitivity with C60 was an order of
magnitude higher.

Based on literature reports, the photoconductive sensitivity observed in
Poly(2-methacryloyl-1-(4-azo-1’-phenyl)aniline-co-styrene)was sufficient for
photorefractive effect.31–33 So it appeared that the molecule Poly(2-metha
cryloyl-1-(4-azo-1’-phenyl)aniline-co-styrene) sensitized with C60 was a good
choice as a photoconductor for photorefractive composites.
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CHAPTER

THREE

Photoconductivity Studies on Polybenzoxazines

3.1 Introduction

Molecularly doped photoconductors are liable to phase separation when
more components are added for additional functionality.1,2 This is a po-
tential drawback for their application to photorefractivity where compo-
nents will be present for inducing electro-optic functionality and for re-
ducing the glass transition temperature of the photorefractive composite.
Although the approach to molecularly doped photoconducting system is
rather simple, for practical applications more stable systems are required.
If the polymer backbone as such is photoconducting, the stability can be
improved. Also, this has an added advantage that the polymer itself takes
part in the grating formation whereas in molecularly doped systems, the
host polymer has the role of an inert matrix and it does not actively par-
ticipate in charge transport or generation.3

In this chapter, three polybenzoxazines are studied for possible use in
photorefractive polymers. Though non-conjugated, these polymers possess
electronically isolated electron rich units in its main chain. There are re-
ports on methods for tailoring chemical4,5 and physical properties6 of this
class, but polybenzoxazines have not been studied for optoelectronic appli-
cations so far. The polymers were doped with electron acceptor molecules
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mentioned in Section 1.4.6 to study the possibility of getting an enhance-
ment in photocurrent. It is to be noted that the systems presented in
this chapter are only photoconducting, no dipolar molecules were added
with an intention to induce photorefractivity. The aim was to identify
molecules with good photoconductivity and spectral response. C60 and
two more electron acceptor molecules 7,7,8,8-tetracyanoquinodimethane
(TCNQ) and 2,4,6-trinitrophenol (TNP) were tried as photosensitizers.

3.2 Preparation of sandwich cell Structure

Sandwich cells of the polymer for electrical measurements were prepared as
follows. 8 wt% solution of the polymer was prepared in chloroform which
also contained 1 wt% dioctyl phthalate (DOP), which was found to increase
the stability of the polymer on ITO substrates. The solution was filtered
through a 0.2 µm teflon filter and casted onto clean ITO plates. The casted
samples were allowed to dry overnight at room temperature (28±10C) and
then transferred to a vacuum desiccator and kept at ∼ 10−2 Torr. A drying
period of 48 h was given for maximum solvent removal. Film thickness was
determined using a stylus profiler (Dektak 6M) and those with nearly 15-20
µm were selected for the deposition of top electrode.

To sensitize the polymer with electron acceptors, the molecules given
in Section 1.4.6 were used. TCNQ, TNP and C60 were used as dopants.
The concentration of these molecules was kept to ∼ 10−5 mol/l.

Top electrode was given by vapor deposition of silver in a vacuum cham-
ber. To avoid damage to the film surface, the rate of deposition of silver
was kept low. The active area of the device, defined by the silver contact
was in the range 36-42 mm2. As silver could form unreacted contacts
with organic molecules,7 complications due to chemically induced inter-
facial states could be discarded. The general structure of the sandwich
cell was ITO/Polymer:DOP:Dopant/Ag. Synthesis of these molecules are
given elsewhere.8 Following sections gives the details of the polymers and
the results obtained.
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3.3 Poly(6-tert-butyl-3,4-dihydro-2H-1,3 - benzox-

azine)

Poly(6-tert-butyl-3,4-dihydro-2H-1,3-benzoxazine), labeled as P1, is a non-
conjugated polymer with an electron rich phenyl ring. The structure of
the molecule is shown in Fig. 3.1. The t-butyl substituent on this ring
is expected to increase the density of electrons in the ring. Non-bonding
electrons are available on the nitrogen and oxygen. As such, the polymer
could be regarded as comprising electronically isolated electron rich groups.
The glass transition temperature of the polymer was 460C, determined
using DSC. The molecule is soluble in organic solvents such as toluene,
chloroform and chlorobenzene. It has good film forming properties and
the films are transparent.

CH3 CH3

CH3

OH

NH
CH2

n

Figure 3.1: Poly(6-tert-butyl-3,4-dihydro-2H-1,3-benzoxazine), (P1).

The number average molecular weight (Mn) of P1 was 403 and weight
average molecular weight (Mw) was 1080, which were estimated using size
exclusion chromatography. The polydispersity index (Mw/Mn) was 2.7.

3.3.1 Optical absorption spectrum

The optical absorption spectrum of P1 in solution and in film form on
quartz substrate are shown in Fig. 3.2. The onset of absorption in the
visible was near 490 nm. The absorption coefficient (α) was evaluated
using the relation α = (A/L) ln(10) with A as the measured absorbance
and L as the film thickness in cm.
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Figure 3.2: Optical absorption spectrum of the polymer P1 in solid (film
on quartz) form. Inset shows the absorption spectrum of a chloroform
solution of P1.

The first absorption band in the visible (375-475nm) region correspond
most probably to a weak n− π∗ transition9 which also give rise to strong
fluorescence. It involve the excitation of the non-bonding orbital electrons
on the hetero atom to the π∗ molecular orbital extending over the conju-
gated part in the polymer. The nature of the transition (n−π∗ or π−π∗)
was clarified by studying the effect of polarity of solvent on this transition.
It was based on the hydrogen bonding effect, which induce a blue shift in
the absorption band corresponding to an n− π∗ transition.10–12
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Figure 3.3: Blue shift in the absorption band with polarity of the solvent.

The solvent effect on the band was studied using solvents Acetic acid,
Dimethylformamide (DMF) and Toluene. Fig. 3.3 shows the blue shift
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of this absorption band when the solvent was changed from least polar
(toluene) to highly polar (acetic acid) thereby confirming the transition to
be n− π∗.

3.3.2 Fluorescence quenching

The polymer showed fluorescence when excited with light of energy greater
than the optical gap. The fluorescence spectrum of the polymer was
studied with and without electron acceptors. Emission from the molecule
was quenched when electron acceptor molecules (TCNQ, TNP and C60)
were present. The quenching of fluorescence intensity when P1 was doped
with the same concentration of electron acceptors is shown in Fig. 3.4.
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Figure 3.4: Fluorescence quenching effect of TCNQ, TNP and C60. Exci-
tation was at 400nm.

The fluorescence quenching could be either due to electron transfer or due
to energy transfer. The strength of energy transfer depends on the Förster
radius which in turn depends on the relative overlap between emission
band of polymer and the absorption band of the acceptor.13 If the emis-
sion band of the polymer and the absorption band of the dopant are not
overlapping, the possibility of quenching through an energy transfer can be
ruled out.14,15 The absorption spectra of the electron acceptor molecules
in chloroform were given in section 1.4.6. The absorption spectra of TNP
and TCNQ were not overlapping with the emission spectrum of P1. Thus
the possibility of energy transfer appeared to be low. Absorption spectrum
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of C60 overlaps with the emission spectrum of P1. There are literature re-
ports about the ultra-fast electron transfer reaction in C60 doped polymers
and resulting fluorescence quenching.16 Transient fluorescence experiments
may be required for conclusive statements about electron transfer.

3.3.3 Cyclic voltammetry

Cyclic Voltammetry was used to estimate the reduction potential of the
polymer as explained in Section 1.6.5. The cyclic voltammogram of P1 is
shown in Fig. 3.5.

Figure 3.5: Cyclic voltammogram of P1.

The onset of reduction was at -540 mV. The corresponding LUMO position
was estimated to be 3.86 eV. Assuming the optical gap as the separation
between the HOMO and LUMO levels, the HOMO was estimated to be
6.27eV. The optical gap was estimated to be 2.41 eV. It is to be noted that
the single particle LUMO position would be higher by the exciton binding
energy,17 hence there exists an uncertainty up to the value of the exciton
binding energy in the above values. Moreover, the solid state values of
HOMO and LUMO energy levels usually depend on other factors such as
the polarizability of the matrix.18

3.3.4 Temperature dependence of conductivity

Measurement of the current-voltage characteristics with temperature per-
mitted the study of the temperature dependence of conductivity (σ) of
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the samples. Figure 3.6 shows the dependence of the dc conductivity on
temperature.
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Figure 3.6: Arrhenius plot showing the temperature dependence of the dc
conductivity of sandwich cells of P1 (ITO/P1:DOP/Ag). Dotted lines are
linear fits to the data.

The temperature dependence of σ showed the semiconducting behavior
with two activation energy regions. The near room temperature region
showed an activation energy of 0.26 eV while the lower temperature region
showed an activation energy of 0.20 eV. Both these values were calculated
from the slope of the graph in the regions of interest.

3.3.5 Modulated photocurrent measurement

The spectral dependence of the photocurrent was studied using the modu-
lated photocurrent technique explained in section 1.6.4. The photocurrent
action spectrum was measured for different electric fields. The spectra are
given in Fig. 3.7 for both polarities of ITO.
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Figure 3.7: Photocurrent action spectra of sandwich cells of P1
(ITO/P1:DOP/Ag) for ITO+ (left) and ITO− (right).

The spectra were similar with respect to the biasing given to the electrodes.
When light is absorbed by an organic semiconductor, the primary product
is an exciton. It is the dissociation of this exciton which initiate charge
generation. If the exciton density created by light was dissimilar at the
top and bottom contacts, the spectra would depend on the polarity of
the electrodes and the efficiency with which the electrode dissociates the
exciton. Such a behavior was absent, which was primarily due to the low
absorption in the film. Due to weak absorption, illumination could be
considered uniform throughout the bulk and thus a uniform density of
excitons was expected.19
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Figure 3.8: Optical absorption spectra of the electron acceptor molecules
C60, TNP and TCNQ in chloroform.

The photocurrent action spectra were recorded for the films doped with
electron accepting molecules TNP, TCNQ and C60 also. Optical absorp-
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tion spectra of these sensitizer molecules were given in section 1.4.6. It is
reproduced here as Fig. 3.8.

3.3.5.1 Effect of TNP

Absorption of TNP was strong in the 400nm region (Fig.3.8). The spec-
trum of P1 doped with TNP showed an increase in absorption in the 425nm
region of the absorption spectrum of P1.
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Figure 3.9: Absorption spectrum of P1 doped with TNP.

Fig. 3.10 shows the photocurrent action spectra of the sandwich cell
ITO/P1:TNP:DOP/Ag for both polarities of ITO.
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Figure 3.10: Photocurrent action spectra of sandwich cells of P1 doped
with TNP for ITO+ (left) and ITO− (right).

TNP was not a good photosensitizer for P1 as the spectral response of
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films of P1 doped with TNP did not show an appreciable increase in pho-
tocurrent.

3.3.5.2 Effect of TCNQ

Optical absorption of TCNQ is at its maximum near 400nm region (Fig.3.8).
This molecule is considered to be a strong electron acceptor. The charge
transfer complexes of TCNQ were subjected to numerous studies.20,21 The
absorption spectrum of P1 doped with TCNQ is shown in Fig. 3.11. The
spectrum was similar to the undoped film except an increase in absorbance.
Also, the absorption in the near infra red region was increased with the
characteristic bands of TCNQ. But the photocurrent in this region re-
mained unchanged.
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Figure 3.11: Absorption spectrum of P1 doped with TCNQ.

The figure (Fig. 3.12) shows the action spectra of sandwich cells with
TCNQ as the dopant. But there was no significant increase in the pho-
tocurrent when doped with TCNQ.
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Figure 3.12: Photocurrent action spectra of sandwich cells of P1 doped
with TCNQ for ITO+ (left) and ITO− (right).

TCNQ was also not able to act as a good sensitizer for P1. The order of
photocurrent remained the same.

3.3.5.3 Effect of C60

C60 has the ability to increase the hole mobility in hole transport layers.22

It can also serve as a good photosensitizer for photorefractive polymers.23

Optical absorption of this molecule span the entire visible spectrum. Ab-
sorption spectrum of P1 doped with C60 is shown in Fig. 3.13.
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Figure 3.13: Absorption spectrum of P1 doped with C60.

Absorption spectrum of the C60 doped state of P1 did not show the for-
mation of any new bands. The spectrum was only a simple overlap of



70 Modulated photocurrent measurement

the spectra of both molecules thereby indicating weak mixing of ground
state electronic wave functions.24 The photocurrent action spectrum of
P1 doped with C60 is shown in Fig. 3.14. Doping the polymer with C60

yielded higher photocurrents along with an increase in photocurrent near
the red region of the spectrum.
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Figure 3.14: Photocurrent action spectra of sandwich cells of P1 doped
with C60 for ITO+ (left) and ITO− (right).

C60 doped P1 showed photoconductivity in the entire visible region of the
spectrum. Fig. 3.15 shows a comparison between the photocurrent values
for positive and negative biasing to ITO.
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Figure 3.15: Comparison of the action spectra showing the bias dependence
of photocurrent for 30V/µm.
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Biasing given to ITO had a small effect on the magnitude of the measured
photocurrent. Photocurrent was more when ITO was negatively biased
with respect to the other electrode. This behavior and its possible reason
are discussed in section 3.4.5.1.

3.3.6 Photoconductive sensitivity

Photoconductive sensitivity (S) of the doped polymer is the material pa-
rameter of interest. It was estimated using equation 1.16. The photocon-
ductive sensitivity for selected wavelengths are shown in Table 3.1

Table 3.1: Photoconductive sensitivity of the sandwich cells of P1 for
different wavelengths (@30V/µm, ITO−).

Wavelength Photoconductive Sensitivity
(nm) 10−14(S cm W−1)

C60 TNP TCNQ Undoped

440 1336 28 23 28
490 1487 13 9 8
530 1488 10 5 4
630 2034 14 7 5

Photoconductive sensitivity of the order of 10−12 S cm W−1 was re-
ported for C60 sensitized photorefractive polymers.25 Photoconductive
sensitivity observed in P1 doped with C60 at 30V/µm was of the order
of sensitivity values required for observing photorefractive effect in poly-
mers.26 A value of 1.07 x 10−11(S cm W−1) was reported for a PVK:C60

based photorefractive polymer.27 Thus P1:C60 may be used as a photo-
conducting host provided the photoconductive sensitivity is not reduced
when electro-optic functionality is incorporated by other molecules.
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3.4 Poly(6-tert-butyl-3-methyl-3,4-dihydro-2H-1,3

- benzoxazine)

Structure of Poly(6-tert-butyl-3-methyl-3,4-dihydro-2H-1,3-benzoxazine),
labeled as P2, is shown in Fig. 3.16. The polymer P2 was a slightly
modified form of P1. A methyl group was linked to the nitrogen in the
monomer unit of P1 to get P2. The electron donating nature of this unit is
expected to shift the HOMO level towards higher energy.28 Higher HOMO
level favor hole injection from the ITO electrode,29 which further result in
a higher exciton dissociation rate.

CH3 CH3

CH3

OH

N
CH2

CH3

n

Figure 3.16: Poly(6-tert-butyl-3-methyl-3,4-dihydro-2H-1,3-benzoxazine),
(P2).

The glass transition temperature of this polymer was 490 C. The number
average molecular weight (Mn) was 239 and weight average molecular
weight (Mw) was 971, as estimated using size exclusion chromatography.
The polydispersity index (Mw/Mn) was 4.

3.4.1 Optical absorption spectrum

The optical absorption spectrum of the polymer is shown in Fig. 3.17 for
both film and solution. Film thickness was 1.2 µm, solution concentration
was 0.001g/ml in chloroform and path length was 1 cm.
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Figure 3.17: Absorption spectra of the polymer P2 in solid (film on quartz).
Inset shows the absorption spectrum of a chloroform solution of P2.

Similar to the case with P1, this polymer also showed the characteristic
blue shift of the absorption band with increasing polarity of solvent. Fig.
3.18 shows this behavior. Thus the low intensity absorption band was due
to an n-π∗ transition.
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Figure 3.18: Blue shift in the absorption band with increasing polarity of
the solvent.

3.4.2 Fluorescence quenching

Fluorescence from the polymer was quenched in the presence of electron
accepting molecules. TNP, TCNQ and C60 were tried as photo-sensitizers
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for P2 also. Thus the effect of these molecules on the fluorescence intensity
was studied. Fig. 3.19 shows the reduction in intensity observed when the
film of P2 was doped with electron acceptor molecules.
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Figure 3.19: Fluorescence quenching effect of TNP, TCNQ and C60 on P2.

As earlier, observation of fluorescence quenching alone could not be consid-
ered as a solid evidence for an electron transfer. But there was an increase
in photocurrent yield as will be seen in Section 3.4.5.1. This hints at the
possibility of an electron transfer process.

3.4.3 Cyclic voltammetry

The cyclic voltammogram of P2 is shown in Fig. 3.20. The onset of reduc-
tion was at -620 mV. The corresponding LUMO position was estimated to
be 3.78 eV and HOMO was 6.41 eV. The optical gap was 2.63 eV.

Figure 3.20: Cyclic voltammogram of P2.
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Above values do not include the correction for the exciton binding energy.
The exciton binding energy in polymers is of the order of 0.5 eV.30

3.4.4 Temperature dependence of conductivity

The temperature dependence of electrical conductivity of P2 is shown in
Fig. 3.21. Two activation energies were extracted from the slopes of the
graph.
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Figure 3.21: Temperature dependence of the dark conductivity of P2. The
line is a linear fit to the data.

The below room temperature region gave an activation energy of 121(±5)
meV and the lower temperature region gave an activation energy of 52(±4)
meV.

3.4.5 Modulated photocurrent measurement

The photocurrent action spectrum of P2 is shown in Fig. 3.22 for different
electric fields. The photocurrent was more for ITO biased positive showing
that the ITO could inject more holes into the polymer than silver. The
work function of the electrodes were almost the same (-4.8eV for ITO and
-4.7eV for silver). The barrier for hole injection from ITO to the polymer
might be smaller by 0.1eV, resulting in slightly higher current when ITO
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was biased positive. The value of 0.1 eV was so small that this much
asymmetry in injection barrier could not cause a significant change in the
shape of the photocurrent action spectrum as revealed by the similarity
in action spectra for both polarities. As the reversal of biasing resulted
in only a small decrease in the photocurrent, the photocurrent was not
only due to electrode sensitized dissociation of excitons, but also from the
dissociation in the bulk, the latter being the higher.31
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Figure 3.22: Photocurrent action spectra of sandwich cells of P2 for ITO+

(left) and ITO− (right).

Generally, in organic semiconductors, photoconductivity is not through a
direct generation of carriers, but through the formation and subsequent
dissociation of an exciton. The exciton can dissociate at impurity sites,
interfaces with asymmetric ionization potentials or it can be dissociated
by a strong electric field.30,32

A close examination of the photocurrent action spectra revealed a small
shift of the action spectra onset to lower energies at higher electric fields.
This could be due to the enhanced dissociation of the less hot excitons
(vibrationally relaxed)33 as the additional energy required for dissociation
could also be supplied in the form of electric field.
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3.4.5.1 Effect of TNP

The absorption spectrum of P2 doped with TNP is shown in Fig. 3.23. Sig-
nificant increase in absorption was observed in the spectrum when doped
with TNP.
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Figure 3.23: Absorption spectra of the films of P2 and its doped form with
TNP.

Exciton dissociation can also happen at an interface where there is an
ionization potential mismatch.34 This effect is very important in the case
of organic photovoltaic devices and has been the idea behind bulk het-
erojunction solar cells.35 The effect of TNP on the action spectrum was
studied for both polarities of ITO. The electron acceptor (TNP) doped
samples showed an increased photocurrent yield along with a shift in the
onset of photoaction spectrum. The spectra are shown in Fig. 3.24.
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Figure 3.24: Photocurrent action spectra of sandwich cells of P2 doped
with TNP for ITO+ (left) and ITO− (right).

TNP increased the photocurrent to the values obtained by doubling the
field in undoped case. This time the photocurrent was more for the case
with ITO biased negative. The reason might be related to the increased
absorbance in the film on doping with TNP. After doping there was a
significant increase in the absorption coefficient of the host polymer. The
excitations were more near the ITO and low near the silver electrode due
to the self absorption in the film. Thus the number of excitons near the
ITO will be very much higher than near silver. Such a higher density
of excitons increases the possibility of exciton-exciton annihilation effect
resulting in reduced number of free carriers.
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Figure 3.25: Plot of the difference in photocurrents for ITOneg and ITOpos

for two electric fields.
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The possibility of the existence of this effect in this case was evident from
the field dependence of action spectra in the high absorbing region. In Fig
3.25, the difference between the photocurrents for ITOneg and ITOpos is
plotted for 20 and 30V/µm. It was seen that the difference decreased when
the electric field was increased. It is well understood that bimolecular
recombination rate is inversely related to electric field as field induced
dissociation start to compete with the former.36 Koch et. al.,37 reported
that the hole injection properties of virtually any organic-metal interface
can be optimized by using strong electron acceptors. They also reported
that the extent of increase in hole injection depend on the number of
acceptor molecules in direct contact with the metal surface. Thus the low
current in the ITO negative case might be due to the increase in hole
injection from silver electrode along with bimolecular recombination near
ITO.

3.4.5.2 Effect of TCNQ

The absorption spectrum showed a slight hyperchromic shift on doping
with TCNQ as shown in Fig. 3.26.

350 400 450 500 550 600
0

50

100

150

200

250

 

 

A
bs

or
pt

io
n 

C
oe

ffi
ci

en
t (

cm
-1
)

Wavelength (nm)

 P2
 P2:TCNQ

Figure 3.26: Absorption spectra of the films of P2 and its doped from with
TCNQ.

The photocurrent action spectra of the TCNQ doped sandwich cells of P2
are shown in Fig. 3.27 for both polarities of ITO. TCNQ did not give an
increase in photocurrent yield similar to the case with P1.
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Figure 3.27: Photocurrent action spectra of sandwich cells of P2 doped
with TCNQ for ITO+ (left) and ITO− (right).

3.4.5.3 Effect of C60

The absorption spectrum of P2 doped C60 film is shown in Fig.3.28. Ab-
sorbance in the entire visible region was increased.
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Figure 3.28: Absorption spectra of the films of P2 doped with C60.

Action spectrum of P2:C60 is shown in Fig.3.29. Photocurrent was con-
siderably higher when P2 was doped with the molecule C60. Also, the
sensitivity in the red region of the spectrum was enhanced, which make
P2:C60 a photoconductive system sensitive for red lasers.
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Figure 3.29: Photocurrent action spectra of sandwich cells of P2 doped
with C60 for ITO+ (left) and ITO− (right).

Similar to electron acceptor doped P1, the photocurrent was more when
ITO was negatively biased. It could be due to the effects discussed previ-
ously, that is, dopant (electron acceptor) assisted increase in hole injection
rate and bimolecular recombination. Figure 3.30 shows the bias effect for
an applied field of 30V/µm.
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Figure 3.30: Comparison of the action spectra showing the bias dependence
of photocurrent for 30V/µm.
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3.4.6 Photoconductive sensitivity

The sensitivity of the polymer to light, expressed as the photoconductive
sensitivity (S) was estimated based on the modulated photocurrent mea-
surement. Table 3.2 shows the values of S obtained for P2 along with the
values obtained when doped with electron acceptors. Here also C60 was
the best photosensitizer but the values of photoconductive sensitivity were
slightly less than the values obtained in the case of P1:C60.

Table 3.2: Photoconductive sensitivity of the sandwich cells of P2 for
different wavelengths (@30V/µm, ITO−).

Wavelength Photoconductive Sensitivity
(nm) 10−14(S cm W−1)

C60 TNP TCNQ Undoped

440 816 36 19 20
490 825 17 12 4
530 726 12 8 1
630 1445 12 12 1

3.5 Poly(6-tert-butyl-3-phenyl-3,4-dihydro-2H-1,3

- benzoxazine)

Structure of the polymer is shown in Fig. 3.31. In this polymer, which
was labeled as P3, a phenyl group was attached to the nitrogen.
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n

Figure 3.31: Poly(6-tert-butyl-3-phenyl-3,4-dihydro-2H-1,3-benzoxazine),
(P3).
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The glass transition temperature of this polymer was 520C. The number
average molecular weight (Mn) was 268 and weight average molecular
weight (Mw) was 900, as estimated using size exclusion chromatography.
The polydispersity index (Mw/Mn) was 3.3.

3.5.1 Optical absorption spectrum

Absorption spectra of the polymer is shown in Fig. 3.32. Compared to
P1 and P2, the absorption coefficient of P3 was considerably increased.
This may be due to the increase in the conjugation in the monomer of the
polymer.
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Figure 3.32: Absorption spectra of the polymer P3 in solid (film on quartz).
Inset shows the absorption spectrum of a chloroform solution of P3.

The low intensity absorption band in the visible region was studied using
the blue shift method described earlier. The observed blue shift is shown
in Fig. 3.33.
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Figure 3.33: Blue shift in the absorption band with increasing polarity of
solvent.
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The blue shift band was of very low intensity, it was clearly seen in solution
form or thick film form.

3.5.2 Fluorescence quenching

In the case of P3, the molecule C60 showed the highest degree of fluores-
cence quenching. Fig. 3.34 shows the quenching of fluorescence in P3 films
by the electron acceptor molecules.
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Figure 3.34: Fluorescence quenching effect of TNP, TCNQ and C60 on P3.

3.5.3 Cyclic voltammetry

Cyclic Voltammetry was done to estimate the reduction potential of the
polymer as explained in Section 1.6.5. The cyclic voltammogram of P3 is
shown in Fig. 3.35.

Figure 3.35: Cyclic voltammogram of P3.
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The onset of reduction was at -640 mV. The corresponding LUMO position
was estimated to be 3.76 eV. The actual LUMO position may be higher
by the exciton binding energy (≈ 0.45eV).17 HOMO was estimated to be
6.09 eV. The optical gap was taken to be 2.33 eV. The HOMO and LUMO
energy levels of P3 are very near to the reported energy levels of C60, which
are 6.2eV and 3.6eV respectively.22

3.5.4 Temperature dependence of conductivity

The temperature dependence of electrical conductivity is shown in Fig.
3.36. The variation was Arrhenius type with more than one activation
energy. Two activation energies were determined assuming the form σ =
σ0e

−Ea/kT for the variation of electrical conductivity. Here σ0 is a prefactor
value of the conductivity, Ea, the activation energy, T , the absolute tem-
perature and k, the Boltzmann constant.
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Figure 3.36: Temperature dependence of the dark conductivity of P3. Dot-
ted lines are linear fits.

The below room temperature activation energy was 430 meV and the lower
temperature activation energy was 64 meV. This indicated that the con-
duction mechanism near room temperature and at lower temperatures were
different.
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3.5.5 Modulated photocurrent measurement

The photocurrent action spectra of P3 are shown in Fig. 3.37 for different
electric fields.
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Figure 3.37: Photocurrent action spectra of sandwich cells of P3 for ITO+

(left) and ITO− (right).

The photocurrent was higher when the ITO electrode was positively biased.
This increase in the photocurrent might be due to the difference in charge
injection efficiencies of both the electrodes when appropriately biased.

3.5.5.1 Effect of TNP

Doping P3 with TNP increased its absorption coefficient slightly in the
ultra-violet region. Photocurrent spectra with TNP as the sensitizer are
shown in Fig. 3.38.
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Figure 3.38: Absorption spectra of the films of P3 with and without TNP.
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Figure 3.39: Photocurrent action spectra of sandwich cells of P3 doped
with TNP for ITO+ (left) and ITO− (right).

No significant increase in photocurrent was observed for TNP doped P3.
Also, the polarity dependence of photocurrent remained the same.

3.5.5.2 Effect of TCNQ

Absorption spectrum of P3 doped with TCNQ is shown in Fig. 3.40.
Possibly due to the low concentration of the dopant, the spectrum of P3
showed no significant modifications, except an increase in absorbance.

350 400 450 500 550 600
0

1000

2000

3000

 

 

A
bs

or
pt

io
n 

C
oe

ffi
ci

en
t (

cm
-1
)

Wavelength (nm)

 P3
 P3:TCNQ

Figure 3.40: Absorption spectra of the films of P3 and its doped form with
TCNQ.

Photocurrent action spectra of P3 with TCNQ as dopant are shown in
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Fig. 3.41. TCNQ was not a good photosensitizer for P3, the order of
photocurrent remained the same.
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Figure 3.41: Photocurrent action spectra of sandwich cells of P3 doped
with TCNQ for ITO+ (left) and ITO− (right).

3.5.5.3 Effect of C60

Photocurrent measurements were also performed with C60 as the sensitizer.
The optical absorption spectrum of the doped film is shown in Fig. 3.42.
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Figure 3.42: Absorption spectra of the films of P3 with and without C60.

There was an increase in the absorption coefficient of the doped film in
the entire visible region. The absorption spectrum of the film of P3:C60

could be considered as a superposition of the optical absorption spectra of
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P3 and C60. Corresponding photocurrent action spectra are given in Fig.
3.43.
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Figure 3.43: Photocurrent action spectra of sandwich cells of P3 doped
with C60 for ITO+ (left) and ITO− (right).

The photocurrent detected in the C60 doped case was three orders of mag-
nitude higher than the undoped case. The spectral yield of photocurrent
with C60 was entirely different, but resembled the optical absorption of
C60 and the fluorescence spectrum of P3.

The fluorescence from the polymer was efficiently quenched by C60 as
shown in Fig. 3.34. As the photocurrent was very high, the quenching
might be due to the ultra fast electron transfer which is reported to occur
from an excited polymer chain to C60.24 When light is absorbed by an
organic semiconductor, the primary product is an exciton. It is the disso-
ciation of this exciton which initiates charge generation. Excitons created
by light absorption, which normally radiatively recombine, were getting
dissociated by C60. The closeness of the energy levels of the host and the
dopant might be the reason for the efficient photocurrent generation. It
has already been shown that energetically relaxed excitons (those created
with no excess energy from the photons) can only be dissociated at charge
transfer centers during the diffusion of excitons.33

The magnitude of photocurrent action spectrum was highly dependent
on the biasing given to the electrodes. Higher values were obtained when
ITO was negatively biased. This could be due to the increase in injection
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from silver mediated by the acceptor molecules. Bimolecular recombina-
tion effect could also be a reason for the polarity dependent increase in
current as discussed in Section 3.4.5.1.

3.5.6 Photoconductive sensitivity

Photocurrent was dependent on the electric field applied across the polymer.
The photoconductive sensitivity of P3 doped with C60 was very high.
Values of S for the sandwich cells are given in Table 3.3.

Table 3.3: Photoconductive sensitivity of the sandwich cells of P3 for
different wavelengths (@10V/µm, ITO−).

Wavelength Photoconductive Sensitivity
(nm) 10−14(S cm W−1)

C60 TNP TCNQ Undoped

440 28280 4 7 5
490 28610 3 4 4
530 27433 3 3 3
630 34100 2 3 3

From the above table, it can be seen that P3 with C60 as sensitizer is
sensitive to most of the common laser wavelengths. The photoconductive
sensitivity is sufficiently high for photorefractive effect.25–27 Other electron
acceptor molecule did not give increased photosensitivity.

3.5.7 Time of flight experiment

Carrier mobility could be estimated using the time of flight (TOF) method
explained in Section 1.6.1. The photocurrent transient for the undoped
P3 film is shown in Fig. 3.44. The transit time of the carriers (electrons,
as the ITO was negatively biased) was estimated from the knee in the
photocurrent transient.
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Figure 3.44: Current transient in a TOF experiment done on the sandwich
cell of P3. White line is a 100 point adjacent average of the data.

Carrier mobility estimated was 2.77 x 10−5 cm2 V−1 S−1 at an electric
field of 20 V/µm. Transport of carriers was not completely dispersive as a
well defined knee was observed in the TOF signal.22

3.6 Summary and conclusions

Three polybenzoxazines were studied using different electron acceptors
for possible use as sensitive photoconductors for photorefractive polymer
systems. The HOMO and LUMO energy levels of the polymers were
estimated using cyclic voltammetry. Values of these energy levels are im-
portant when considering the applicability of these polymers to other fields
such as LEDs or other organic semiconductor based devices. Absorption
spectra of all three polymers showed low absorption in the red and green
regions of the visible spectrum.

Fluorescence emission from the polymers were found to reduce in the
presence of dopants. The photocurrent is expected to increase if this flu-
orescence quenching is related to an efficient dissociation of the initially
created excitons, which normally under go radiative recombination, in to
free carriers. Three different electron acceptors were used as dopants, but
a quenching associated with an increase in photocurrent was observed only
in the case of C60 doping.
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Photocurrent measurements were done in the sandwich cell configura-
tion on the three polymers. Measurements were done with and without a
sensitizer. While the molecule C60 acted as a very good sensitizer for all
three polybenzoxazines, the electron acceptors 2,4,6-trinitrophenol (TNP)
and 7,7,8,8-tetracyanoquinodimethane (TCNQ) were not able to enhance
the photocurrent. The increase in photocurrent when the polymers were
doped with C60 could be due to an electron transfer reaction. The electron
transfer from an excited polymer to C60 occurs in the picosecond time
scales.16,24 This is shorter than the lifetime of excited states (10−8S)
which cause fluorescence. The quenching and the corresponding increase
in photocurrent might be due to this ultra-fast electron transfer.

The photoconductive sensitivity was estimated and was found to be
sufficient to observe photorefractive effect, based on literature reports.25–27

The molecule Poly(6-tert-butyl-3-phenyl-3,4-dihydro-2H-1,3-benzoxazine)
showed the highest sensitivity when doped with C60.
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CHAPTER

FOUR

Estimation of the First Hyperpolarizability of a Series of

p-Nitroaniline Derivatives

4.1 Introduction

The electro-optic effect can be brought about in a polymer matrix by
the addition of non-centrosymmetric dipolar molecules. These molecules
possess high second order susceptibilities and are sometimes called non-
linear optical chromophores.1 The molecular second order susceptibility is
also termed as the first hyperpolarizability βijk, where i, j and k refers to
molecular axes. The synthesis and study of molecules with large first order
hyperpolarizabilities is important due to the potential applications of such
molecules in nonlinear optics. Many components for optical signal process-
ing and communication devices can be made out of materials possessing
high electrooptic coefficients.2

This chapter gives the details of the molecules studied for nonlinear
optical properties. The molecular parameters including ground state dipole
moment, excited state dipole moment and the first hyperpolarizability were
estimated. The aim was to make a selection of molecules with compara-
tively higher values for the figure of merit explained in Section 1.5.3.

The estimation of the first hyperpolarizability was done using the two
level microscopic model of βijk. The techniques available to measure this
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important parameter are second harmonic generation,3 electric field in-
duced second harmonic generation (EFISH)4 and hyper-Raleigh scatter-
ing.5 An estimation of first hyperpolarizability can be done using the sim-
plified two level model also.6 This method requires the excited state dipole
moment, which can be estimated using solvatochromism and the ground
state dipole moment which can be estimated using the Debye-Guggenheim
method. Solvatochromism involves studying the effect of solvent polarity
on the molecule’s absorption and fluorescence spectra.

4.2 Molecules studied

All molecules were synthesized in our lab and the details are given else-
where.7,8 The structure of the molecules studied are given in Fig. 4.1, 4.2
and 4.3. The main difference between the molecules was in the number of
alkyl spacers connecting the acceptor group and the donor group.

N
Br Br

NO2

Figure 4.1: N,N-bis(4-bromobutyl)-4-nitrobenzenamine (1a).

N
NH NH NH2NH2

NO2

nn

n = 2-6

Figure 4.2: N,N-bis(4-[(n-aminoalkyl)amino]butyl)-4-nitrobenzenamine.
Molecules with this general structure were labeled as 2a, 2b, 2c, 2d and
2e.
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N
NH NH NHNH

NO2

CH3 CH3
nn

n = 2-6

Figure 4.3: N, N-bis(4-[n-(ethyl amino)alkyl amino]butyl)-4-
nitrobenzenamine. Molecules with this general structure were labeled as
3a, 3b, 3c and 3d.

The number of alkyl units was varied from n = 2 to 6, correspondingly
there were a total of 10 molecules under study. In the second set, n = 5
was not available for studies. Table 4.1 shows the labeling of the molecules
adopted during the experiments.

Table 4.1: Details of the molecules

n IUPAC Name No.

N,N-bis(4-bromobutyl)-4-nitrobenzenamine 1a
2 N,N-bis(4-[(2-aminoethyl)amino]butyl)-4-nitrobenzenamine 2a
3 N,N-bis(4-[(3-aminopropyl)amino]butyl)-4-nitrobenzenamine 2b
4 N,N-bis(4-[(4-aminobutyl)amino]butyl)-4-nitrobenzenamine 2c
5 N,N-bis(4-[(5-aminopentyl)amino]butyl)-4-nitrobenzenamine 2d
6 N,N-bis(4-[(6-aminohexyl)amino]butyl)-4-nitrobenzenamine 2e

2 N,N-bis(4-[2-(ethylamino)ethylamino]butyl)-4-nitrobenzenamine 3a
3 N,N-bis(4-[3-(ethylamino)propylamino]butyl)-4-nitrobenzenamine 3b
4 N,N-bis(4-[4-(ethylamino)butylamino]butyl)-4-nitrobenzenamine 3c
6 N,N-bis(4-[6-(ethylamino)hexylamino]butyl)-4-nitrobenzenamine 3d
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4.3 Determination of ground state dipole moment

(µg)

The figure of merit of nonlinear optical chromophores is highly depen-
dent on the ground state dipole moment and the first hyperpolarizability
of the molecule.9 The refractive index modulation achievable in a pho-
torefractive guest host system depends on the figure of merit10 and in
turn on the dipole moment of the material. As described in Section 1.5,
the tendency of the molecules to align antiparallel is determined by the
ground state dipole moment. Thus an idea about the magnitude of this
molecular property is useful when deciding the poling requirements to in-
duce non-centrosymmetry. The ground state dipole moment can be deter-
mined by the Debye Guggenheim method, where the actual measurement
is the static dielectric constant of a series of solutions of varying weight
fraction of the molecule in a non-polar solvent. The value is then extrap-
olated to infinite dilution to calculate the dipole moment using equation
4.1.11

µ2
g =

3ε0kT

NA

9
(ε0 + 2)(n2

0 + 2)
M

ρ0

(
∂ε

∂ω

)

o

, (4.1)

Here M is the molar mass of the molecule, ω is the weight fraction, ε0,
n0 and ρ0 are the dielectric constant, refractive index and the density
of pure solvent respectively. NA is the Avogadro number and ε0 is the
permittivity of vacuum. The term (∂ε/∂ω)0 represents the variation of
dielectric constant with weight fraction at infinite dilution.

The above equation assumes that the refractive index of a solution
of the molecule has negligible dependence on its weight fraction.11 The
refractive index of the solutions were measured using an Atago DRM2
refractometer and the variation with weight fraction was found to be neg-
ligibly small, so that the equation can be safely applied. To calculate
dielectric constants, several concentrations of the molecules under inves-
tigation were prepared in toluene (being a non-polar solvent) and filled
between the plates of a parallel plate capacitor with variable plate separa-
tion and the capacitance was measured as a function of plate separation
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(d) using an HP 4277A LCZ meter operating at 10 KHz. Capacitance of
the capacitor was measured in this manner first filling it with the solution
under test and later with spectroscopic grade toluene. If Cs is the ca-
pacitance with the solution and Ct is the capacitance with toluene, the
dielectric constant of the solution can be determined from the ratio of the
slopes of the plots of C vs 1/d. The dielectric constant of the solution, εs

was determined using equation 4.2.

εs = εt
Ks

Kt
(4.2)

Here εt is the dielectric constant of toluene, Ks is the slope of the plot of
Cs with 1/d and Kt is the slope of the plot of Ct with 1/d.

Toluene (εr = 2.379) was used for the standardization of the mea-
surement. The parameter ∂ε/∂ω was extracted from the plot of dielectric
constant with weight fraction of the molecule. Plots of the variation of
dielectric constant with weight fraction of the solute are shown in Fig. 4.4,
4.5, 4.6, 4.7 and 4.8. Equation 4.1 was used to calculate the ground state
dipole moment of the molecule.
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Figure 4.4: Variation of the dielectric constant with weight fraction of 1a
and 2a.
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Figure 4.5: Variation of the dielectric constant with weight fraction of 2b
and 2c.

0.000 0.005 0.010 0.015 0.020
2.0

2.2

2.4

2.6

2.8

3.0

 

 

D
ie

le
ct

ric
 c

on
st

an
t

Weight fraction of solute

0.000 0.005 0.010 0.015 0.020
2.0

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

 

 

di
el

ec
tr

ic
 c

on
st

an
t

Weight fraction of solute

Figure 4.6: Variation of the dielectric constant with weight fraction of 2d
and 2e.

The range of weight fractions of the second set of molecules was less than
the previous set. As the method assumes the values at infinite dilution,
this change in concentration will not affect a comparison of the results.11
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Figure 4.7: Variation of the dielectric constant with weight fraction of 3a
and 3b.
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Figure 4.8: Variation of the dielectric constant with weight fraction of 3c
and 3d.

The results obtained are given in Table 4.2. A unit conversion can be
achieved by noting that 1 Debye = 3.33564x10−30 C.m = 10−18 esu.
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Table 4.2: Ground state dipole moments of the molecules

Molecule µg (D) Molecule µg (D)

1a 9.78 2e 12.63
2a 8.88 3a 4.43
2b 8.48 3b 11.75
2c 10.20 3c 16.85
2d 8.06 3d 7.47

4.4 Determination of excited state dipole moment

(µe)

The excited state dipole moment is another quantity which shows the
extent of charge transfer after excitation by radiation of sufficient energy.
If the difference between the ground and excited state dipole moments is
very large, the charge transfer is also very large provided the bond length
remains unaltered upon excitation. The determination of excited state
dipole moment is very important and there are many methods proposed
in the literature. Gas-phase stark effect is one of such methods which
involve examination of the splitting of rotational lines due to externally
applied electric field.12 A simple method is to analyze the solvent polarity
dependence of the absorption and emission maxima (solvatochromism) of
the molecule under consideration to extract µe.9

4.4.1 The solvatochromic effect

Solvatochromism is the change in the position, intensity, and shape of ab-
sorption or emission bands of a molecule due to the change in polarity of the
solvent.13 The spectral shift is caused by the electric field experienced by
a molecule embedded in such a solvent. This electric field, called reaction
field, arises from the polarization of the surrounding solvent molecules due
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to the dipole moment of the solute.12

The solvatochromic method was used for the estimation of the first hy-
perpolarizability of the molecules. Although the accuracy of the method
was less compared to more accurate methods like second harmonic genera-
tion or hyper Raleigh scattering, the purpose was to screen the synthesized
chromophores. For this purpose the experiment was well suited.

4.4.2 Solvatochromic measurements

The solvatochromic estimation of µe involves no laser measurements. The
absorption and fluorescence spectra in solvents of varying polarity were
needed for the analysis. In order to get a gradual variation of the polarity
of the solvents, a binary solvent mixture comprising the polar solvent ace-
tonitrile and the non-polar solvent toluene were used for the solvatochromic
analysis.8 A polar molecule has unequal sharing of electrons between the
atoms constituting it.

The refractive index and the dielectric constant of the mixture at
various proportions were measured to compute the bulk solvent polarity
parameter F (ε, n) defined14 by equation 4.3.

F (ε, n) =
(2n2 + 1)
(n2 + 2)

{
(ε− 1)
(ε + 2)

− (n2 − 1)
(n2 + 2)

}
, (4.3)

here n and ε are the refractive index and the dielectric constant of the mix-
ture respectively. There are mainly two methods proposed in the literature
for the analysis of the solvatochromic data.

4.4.2.1 Method 1

In this method, the emission υf cm−1 and absorption υa cm−1 bands are
analyzed based on the following equations.15

υa − υf = m1F (ε, n) + Constant, (4.4)

υa + υf = −m2 {F (ε, n) + 2g(n)}+ Constant, (4.5)

here g(n) is another parameter given by g(n) = (3/2)(n4 − 1)/(n2 + 2)2.
Equations 4.4 and 4.5 show that the plots of υa−υf and υa+υf with F (ε, n)
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and [F (ε, n) + 2g(n)] would be linear with slopes m1 and m2 respectively.
These slopes are further given by,

m1 = 2
(µe − µg)2

hca3
(4.6)

m2 = 2
(µ2

e − µ2
g)

hca3
, (4.7)

where h is the Planks constant and c is the velocity of light. a is the On-
sager cavity radius which can be calculated using the density (d) and the
molecular weight (M) of the molecule using the relation a3 = (3M/4πdNA).16

Values of m1 and m2 can be obtained from the plots of υa−υf and υa +υf

with F (ε, n) and [F (ε, n) + 2g(n)].
Even small errors in the estimated value of the cavity radius can lead

to very large errors as the value enters as cubed in the above equations.
Taking the ratio m2/m1 enables the determination of the excited state
dipole moment without using the value of a. The excited state dipole
moment of the molecule can be expressed in terms of the known value
of the ground state dipole moment as µe = µg(1 + x)/(x − 1), where
x = m2/m1.

4.4.2.2 Method 2

In the second method, the analysis is based on the dimensionless solvent
polarity parameter ET

N proposed by Reichardt,13 which is given by equa-
tion 4.8.

ET
N =

ET (solvent)− 30.7
32.4

, (4.8)

where ET (solvent) = 28591/λmax(nm), and λmax corresponds to the peak
wavelength in the red region of the intramolecular charge transfer ab-
sorption of the molecule 2,6-diphenyl-4-(2,4,6-triphenyl-N-pyridino) phe-
nolate.13 This molecule, also called Reichardt’s dye, shows a large solva-
tochromic effect. The absorption maxima of the dye in solvent mixtures of
varying polarity were experimentally determined and used for the calcula-
tion of ET

N . This reduced the error due to the presence of impurities in the
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mixture as each solvent mixture was separately analyzed for its polarity
value before use.

The plots of ET
N and F (ε, n) versus the weight fraction of Acetonitrile

in the mixture is shown in Fig. 4.9. The plots were nonlinear when the
percentage of toluene was higher, thus for the analysis of the data, only
solvent mixtures showing a linear variation of the polarity parameters were
used. Detailed physical properties of the toluene-acetonitrile mixture is
available in the literature.17

Figure 4.9: Variation of the polarity parameters with weight fraction of
Acetonitrile

For the determination of the excited state dipole moment µe, the Stoke’s
shift υa− υf was calculated from the absorption and fluorescence spectra.
Here υa and υf denote the absorption and fluorescence band maxima re-
spectively, in cm−1. The Stoke’s shift (υa−υf ) was analyzed as a function
of the polarity of the solvent. Variation of (υa − υf ) with EN

T was linear
with more than 98 % correlation to a linear fit. The variation of the Stoke’s
shift with EN

T is shown in Fig. 4.10 for the molecules 1a, 2a, 2b, 2c, 2d
and 2e. For the other set of molecules the variation is given in Fig. 4.11.
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Figure 4.10: Graphs showing the linear variation of Stoke’s shift with EN
T

for 1a, 2a, 2b, 2c, 2d and 2e.
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Figure 4.11: Graphs showing the linear variation of Stoke’s shift with EN
T

for 3a, 3b, 3c and 3d.

The Stoke’s shift is related to the difference in dipole moments and the
Onsager radii of the molecule and the dye by equation 4.9.

υa − υf = 11307.6
(

∆µ2a3
D

∆µ2
Da3

)
EN

T + Constant (4.9)

Here ∆µ = µe − µg is the difference between the ground and excited
state dipole moments of the molecule being studied and ∆µD is that of
Reichardt’s dye. In the expression, the Onsager radii of both the dye
(aD) and the molecule (a) enters as a ratio and thus the error due to the
uncertainty in the value of a is minimized. As the values of aD and ∆µD
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were known (6.2Å and 9D respectively13), the excited state dipole moment
of the material under study could be evaluated from the plot of υa − υf

with ET
N . Results of the calculation are given in Table 4.3.

Table 4.3: Excited state dipole moments of the molecules estimated from
the solvatochromic analysis.

Molecule µe (D) Molecule µe (D)

1a 14.96 2e 19.07
2a 14.53 3a 9.50
2b 14.55 3b 17.58
2c 15.88 3c 22.56
2d 24.12 3d 14.67

4.5 Estimation of the first hyperpolarizability (β)

Based on the solvatochromic measurements described above, one can es-
timate the first hyperpolarizability of the molecule with the two level mi-
croscopic model of β.6,18 In this model, the contributions from all excited
states other than the first excited state are neglected.6 The following equa-
tion gives the value of β in terms of experimentally measurable quantities.

β =
3ω2

eg(µe − µg)µ2
eg

2h̄2(ω2
eg − 4ω2)(ω2

eg − ω2)
(4.10)

here ωeg = 2πc/λmax and µeg = the transition moment, calculated from the
area under the absorption band.6 The area was determined by doubling
the area of half of the absorption band if the spectrum was not symmetric
about the peak frequency.11

The solvatochromic method gives only one dominant component of the
tensor quantity βijk. It is assumed that the molecules have the donor and
acceptor groups located such that the charge transfer takes place primar-
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ily along the axis of the permanent ground state dipole moment of the
molecule.6 Thus Eq. 4.10 gives βxxx (or βCT ) (charge transfer).

Photorefractive materials can be used for beam amplification in the two
beam coupling geometry. Chromophores for such photorefractive guest
host systems must not be absorbing at the operating wavelength to get
an effective two beam coupling gain.19 The molecules described here have
only low absorption in the visible region of the spectrum. All molecules
showed an increase in dipole moment on excitation by light. This showed
that there was a higher degree of charge transfer taking place. The results
are given in Table 4.4.

Table 4.4: Compilation of the results obtained on the different molecules

Molecule λmax (nm) β (10−30) esu 9µgβ(10−46) esu

1a 387 3.77 3.32
2a 393 3.22 2.57
2b 395 2.84 2.17
2c 397 2.64 2.42
2d 398 5.16 3.74
2e 399 4.07 4.63
3a 400 2.87 1.14
3b 400 3.97 4.20
3c 401 2.77 4.20
3d 402 5.56 3.74

4.6 Summary and conclusions

The purpose of the work outlined was to evaluate the nonlinear optical
properties of the synthesized molecules so as to select those possessing
high values of photorefractive figure of merit. The ground and excited state
dipole moments were determined which gave insight into the possibility of
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light induced charge transfer in these molecules. It could be seen that, on
excitation by light, the charge redistribution was such that it resulted in
a higher value for the dipole moment. The estimate of the ground state
dipole moment gave the relative tendency of the investigated molecules to
align antiparallel in pairs in the bulk so that a net second order nonlinear
optical effect could be absent. This molecular parameter was kept in mind
when deciding the requirement of poling for the photorefractive samples.

The solvatochromic method assumes that the molecule is spherical and
this method is suitable to small molecules. The estimation of (βijk) suffers
from errors associated with the Onsager radius and the size of the molecule
though some of them can be circumvented by appropriate processing of
the data. Measures were taken to reduce the errors by using solvents
of maximum purity and they were characterized as described in Section
4.4.2.2, each time before use. As the aim was to screen the molecules to
find the ones with maximum value for (βijk), errors can be neglected even
if it is as high as 20%.

It is reported that the length of the alkyl spacer connecting the donor to
the acceptor moiety has major effect on the value of (βijk).20 This approach
of increasing the value of β has the advantage that the absorption maxima
of the molecule is not getting changed as there is no change in the effective
conjugation length of the material. The main aim of the present work
was to study the possibility of the synthesized molecules for application
to photorefractive polymers as the absorption of these molecules do not
fall well in to the visible region. This was stimulated by the fact that for
highly efficient photorefractive applications, the molecule for electro-optic
functionality should not absorb at the operating wavelength. There was
only small change in the absorption peak of the these materials, as shown
in Table 4.4, but a steady increase in hyperpolarizability was not achieved.
A small increase in the figure of merit was observed.

The chromophores with odd number of alkyl spacers showed higher
(βijk) values. It is reported that the lower values for even number of alkyl
units can be due to a centrosymmetric arrangement of the molecules.20,21

A deep investigation of this interesting effect was not attempted. The
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molecules with high values for the product µβ were selected for the prepa-
ration of photorefractive guest host systems. The experimental techniques
for the evaluation of the electro-optic coefficients are described in Chapter
5 along with the results obtained.
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CHAPTER

FIVE

Study of Electro-optic Effect

5.1 Introduction

Polymers showing nonlinear optical properties is the subject of intense
research due to their applicability to integrated optical devices and high
speed electro-optic modulators.1–3 These devices rely on the refractive
index modulations induced by a DC or AC electric field. If the refractive
index modulation is proportional to the applied electric field, it is called
linear electro-optic effect or Pockels effect. If the refractive index change
is proportional to the square of the field, it is termed as the quadratic
electro-optic effect or Kerr effect.4

In photorefractive materials, the refractive index modulation is due to a
space charge field induced electro-optic effect.5 The electro-optic response
is possible in a polymer if it contains chromophores possessing nonlin-
ear optical properties or anisotropy of the linear polarizability.6 These
chromophores can be a part of the polymer chain7 or dispersed in the
polymer.8 It can also be part of a charge transporting polymer, in which
case the polymer is said to be bifunctional.9 The method of making the
chromophore bound to the polymer offer higher stability but generally
involves complicated synthesis procedures. The simplest method is dis-
persing molecules with the required nonlinear properties in to a polymer
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host.5 Diffraction efficiency of ∼ 95 % was reported for a photorefractive
composite prepared by this method.5

Being a second order nonlinear effect, the linear electro-optic effect
requires non-centrosymmetry in the bulk. The centrosymmetry of the
system must be broken to achieve an effective macroscopic second order
nonlinearity.10 As explained in Section 1.5.2, chromophores used for pho-
torefractive applications usually possess a rod like shape. These can be
aligned in the polymer host by the application of an electric field.11 If
the field was applied keeping the composite near the glass transition tem-
perature of the host, the alignment will be more efficient. This process is
termed as electric poling. Poling breaks the centrosymmetry of the system
by aligning the nonlinear optical chromophores in the direction of the field
and the medium is said to have attained polar order. If the field is removed,
the molecules will tend to rotate back to their equilibrium positions due
to thermal agitation there by reducing any second order effects. Proposed
methods to prevent the rotational relaxation include cross-linking,12 use of
high Tg hosts as well as chiral designs.13 In low Tg photorefractive com-
posites, the refractive index modulation is higher due to the orientational
birefringence effect caused by the field induced alignment of rod shaped
chromophore molecules.14,15

This chapter deals with the details and results of electro-optic studies.
One of the polymer systems studied was based on a guest-host approach,
in which the optically transparent polymer poly(methyl methacrylate) and
selected paranitroanline derivatives studied in chapter 4 were used. The
second was a single component polymer Poly(3-methacrloyl-1-(4’-nitro-4-
azo-1’-phenyl)phenyl alanine-co-methyl methacrylate), which has a struc-
ture similar to other electro-optic co-polymer systems reported in the lit-
erature.16 A discussion of the origin of nonlinear optical effects and the
experimental techniques was given in Section 1.5.
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5.2 Electro-optic polymer systems

Electro-optic response for photorefractive effect can be achieved in many
ways. The first and easiest is the guest host approach, in which molecules
showing the required nonlinear optical properties are dispersed in a suitable
photoconductive host. Numerous photorefractive polymer systems belong
to this category.5,17–19 Many of the reported photorefractive systems are
solid solutions of nonlinear optical molecules (chromophores) in the photo-
conducting host PVK which was sensitized with TNF.5 Selection of chro-
mophores is usually done based on the figure of merit discussed in Section
1.5.3.

To achieve macroscopic second order susceptibility, guest-host systems
with high Tg must be poled near or above the Tg of the host.20,21 Draw-
backs of this class of polymers include phase separation and crystallization
of chromophores and loss of polar order with aging and temperature.

To better stabilize the nonlinear optical properties of the polymer, func-
tionalized nonlinear optical polymers were introduced.7,22 These polymers
may be used as host for charge generating and transporting molecules or
can be blended with a photoconducting polymer to achieve the require-
ments for photorefractive effect in a single system. The review by Burland
et. al.,21 describes various types of nonlinear polymer systems in detail,
which are of possible use in photorefractive systems as well.

5.3 Polymer systems studied

Three paranitroaniline molecules were selected based on the studies done
in chapter 4 and dispersed in poly(methyl methacrylate) to make guest-
host systems. The molecules were N,N-bis(4-[(6-aminohexyl)amino]butyl)-
4-nitrobenzenamine (C1), N,N-bis(4-[3-(ethylamino)propylamino]butyl)-4-
nitrobenzenamine (C2) and N,N-bis(4-[4-(ethylamino) butylamino]butyl)-
4-nitrobenzenamine (C3).

The other system was a co-polymer of 3-methacrloyl-1-(4’-nitro-4-azo-
1’-phenyl) phenylalanine and methyl methacrylate. This type of polymers
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are widely studied due to their stability compared to guest-host systems.
The co-polymer approach helps in getting the required nonlinear response
of a polymer and the good film forming ability of another polymer into
the co-polymer.

5.3.1 Preparation of samples

Electro-optic measurements were done on sandwiched samples. In the case
of guest-host PMMA, the molecules were dissolved in a chloroform solution
of 8 wt% PMMA. The concentration of the chromophores was limited to
15 wt% due to the lack of optical quality in films containing more than
this quantity. Patterned ITO plates were used as substrate for casting
the above solution. After drying for 48 h, another patterned ITO plate
was placed on the film using teflon sheets as spacer. Both the ITO’s were
clamped together using metallic clips and heated to 1000C so that the
polymer layer softens. The sandwiched sample was cooled and the ITO’s
were glued together using a thermally stable adhesive. The thickness of
the samples were ∼ 48 µm.

A similar procedure was employed for preparing the samples using
Poly(3-methacrloyl-1-(4-nitro-4-azo-1-phenyl)phenylalanine-co-methyl me-
thacrylate).

5.4 Guest-Host PMMA

Three molecules possessing comparatively higher value for the product µβ

were selected for the electro-optic studies. Their structures are given in
Fig. 5.1.
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Figure 5.1: Molecular structures of the chromophores selected for the
electro-optic study.

The molecules were dispersed in PMMA at appropriate weight ratios. A
doping concentration of higher than 20% resulted in films of less optical
clarity. Also, at higher chromophore loading, chances of electrostatic inter-
action increases which tends to align the molecules in a centrosymmetric
fashion thereby reducing the electro-optic response.23–25

5.4.1 Optical absorption

Absorption spectra of the chromophores in chloroform are shown in Fig.
5.2 Absorption was weak in the visible region of the spectrum.
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Figure 5.2: Absorption spectra of the chromophores C1, C2 and C3.
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The ground state dipole moment of the chromophores were evaluated and
given in Chapter 4. All molecules possessed high ground state dipole
moments. Thus, to achieve a non-centrosymmetric arrangement in the
bulk, poling of the sample was necessary.

5.4.2 Electrical poling

Poling must be attempted by maintaining an electric field across the sample
while keeping the sample near its glass transition. Thus glass transition
temperatures of the doped PMMA were determined using a differential
scanning calorimeter (Q-100, TA Instruments). All guest host systems
prepared in PMMA showed similar glass transition temperatures. The
DSC traces are shown in Fig. 5.3.
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Figure 5.3: DSC traces of PMMA doped with the chromophores C1, C2
and C3.

The glass transition temperature was 100.8o C for C1, 99.3oC for C2, and
99oC for C3 doped PMMA. Thus the poling temperature was selected to be
near 1000C. For poling electro-optic systems, corona poling (see Section
1.6.7) is mainly used which allow very high fields and less current flow
through the sample. As this technique was experimentally not feasible,
poling was done on the sandwiched samples by keeping them at the poling
temperature and applying a DC voltage to the ITO electrodes. As temper-
ature increased, DC current through the sample also increased, care was
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taken to avoid electric breakdown of the sample by increased DC current
flow. The poling field was 10V/µm and was kept at this value to minimize
current. Poling was continued for 2h and the sample was cooled slowly to
room temperature while maintaining the field.

5.4.3 Electro-optic measurements

Experiments were done as explained in Section 1.6.6. On the un-poled sam-
ples no meaningful measurements could be made, possibly due to the high
ground state dipole moments of the chromophores, which tend to cancel
a macroscopic second order susceptibility. Measurement of the modulated
signal was done as a function of poling temperature and time after poling.
The temperature dependence of the modulated signal is shown in Fig. 5.4.
Higher modulation was obtained for samples poled near the glass transition
temperature of the system.
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Figure 5.4: Temperature dependence of electro-optic modulated signal for
PMMMA:C1 system.

The electro-optic coefficient r33 was calculated from the measured signals
as explained in Section 1.6.6. The modulated signal was studied with
time after poling and it was found to be stable for at least 6h after an
initial decrease. The temporal stability of the poling depends on many
factors, mainly the glass transition temperature of the composite.26,27 The
temporal behavior of the electro-optic signal after electric field poling is
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shown in Fig. 5.5.
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Figure 5.5: Temporal variation of the measured electro-optic modulated
signal after poling for C1, C2 and C3 doped PMMA.

The polar order showed an initial fast decay followed by a relatively stable
region. This might be due to the rotational relaxation of the chromophores
in the host. This kind of decay of the second order response is common to
guest-host systems.27 The electro-optic coefficients of the presently studied
guest-host systems are given in Table 5.1.

Table 5.1: Electro-optic coefficients of guest-host systems with PMMA as
host and C1, C2 and C3 as chromophores.

Dopant Tg
0C r33 (pm/V)

C1 100 2.7
C2 99 1.7
C3 99 1.9

Electro-optic signals in the sandwich cell geometry can also get contri-
butions from the piezo-electric effects. Field induced change in thickness
can cause additional path length changes. In such cases, the refractive
index change exhibit a quadratic dependence on the applied field.28 In the
present experiments we could not detect any signals at twice the modula-
tion frequency, implying absence/less importance of quadratic electro-optic
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effects. The absence of signals on un-poled samples may also be due to the
absence of signals produced by field induced thickness changes.

Thus the molecules studied in Chapter 4 were able to show an electro-
optic effect when doped in to PMMA. It has been shown that the free-
volume surrounding the dopants, which determines the rotational freedom
of the dopants, has major influence on the response of the system.27 Thus
the response of these molecules in a photoconductive host was expected to
change from the measured values.

5.5 Poly(3-methacrloyl-1-(4’-nitro-4-azo-1’-phenyl)

phenylalanine-co-methyl methacrylate)

The guest-host approach, though simple and flexible, suffers from the sta-
bility issues related to the nonuniform dispersion of chromophores, their
phase separation or crystallization and the lack of thermal stability due
to the chromophore reorientation.21 In order to reduce these drawbacks,
chromophores were chemically attached to the polymer back bone. This
has the advantage of limited chromophore motion as they are connected
to the polymer, lack of phase separation or crystallization of the units and
high glass transition temperature. In guest host approach, the glass transi-
tion temperature of the polymer may get reduced due to the plasticization
action of the doped chromophores. In side chain polymers, the number
density of the chromophores is related to the chemical substitution level
and can be done to the maximum extent without phase separation.

The molecule studied here, Poly(3-methacrloyl-1-(4’-nitro-4-azo-1’-phen
yl)phenylalanine-co-methyl methacrylate) is such a side chain polymer.
The structure of the polymer is shown in Fig. 5.6. Synthesis and char-
acterization of the molecule were done in our lab. The details are given
elsewhere.29 The number average molecular weight (Mn) was 3175 and
weight average molecular mass (Mw) was 6408.
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Figure 5.6: Molecular structure of Poly(3-methacrloyl-1-(4’-nitro-4-azo-1’-
phenyl)phenylalanine-co-methyl methacrylate).

The absorption spectrum of the polymer is shown in Fig. 5.7 and the
differential scanning calorimetry trace is shown in Fig. 5.8. The refractive
index of the polymer in film form was measured using an Atago DRM2
refractometer. A value of 1.673 was obtained at 590 nm.
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Figure 5.7: Absorption spectrum of Poly(3-methacrloyl-1-(4’-nitro-4-azo-
1’-phenyl)phenylalanine-co-methyl methacrylate).

The amino acid L-phenylalanine, used in the synthesis of this molecule is
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a chiral molecule. Chirality of this molecule may lead to improved non-
centrosymmetry and lack of mirror symmetries30,31 in the final polymer.
Electro-optic measurements were done on the un-poled samples using 632.8
nm light from a He-Ne laser. Absorption of the molecule at this wavelength
was small.
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Figure 5.8: Differential scanning calorimetry trace of Poly(3-methacrloyl-
1-(4’-nitro-4-azo-1’-phenyl)phenylalanine-co-methyl methacrylate).

The glass transition temperature of the polymer was 96.70 C. High Tg of
the polymer may be useful when it is used in situation where good thermal
stability is required.

5.5.1 Electro-optic effect

Samples for the determination of electro-optic coefficient was prepared as
explained in Section 5.3.1. The solvent used was toluene as chloroform was
found to yield films of less optical clarity. Thickness of the studied samples
were approximately 48 µm, determined using a Stylus profiler. As the film
will be subjected to high electric fields, the presence of contaminants was
carefully avoided.

The transmission mode ellipsometric measurement explained in Section
1.6.6 was used for the determination of the electro-optic coefficient. The
angle of incidence of the beam was 650 with respect to the sample normal.
This high incident angle facilitated a high propagation distance of the
beam through the active layer so that the modulation in intensity was
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maximized. The experiment was performed at 1500 Hz with only the AC
field present. The field dependence of the modulated signal is shown in
Fig. 5.9. The measurement was done at room temperature (27±10C).
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Figure 5.9: Electro-optic modulated signal obtained from the sandwich cell
of Poly(3-methacrloyl-1-(4’-nitro-4-azo-1’-phenyl)phenylalanine-co-methyl
methacrylate).

Electro-optic coefficient r33 was estimated using equation 1.30 and found
to be 4.75 pm/V. The observation of electro-optic modulation in un-poled
samples indicated that there was a certain degree of non-centrosymmetry
in the polymer films. This could be due to the chiral nature of the phenyl
alanine unit present in the polymer. It is believed that chirality leads
to a non-centrosymmetric arrangement in the bulk, which is referred to
as chemical poling.32 Second order nonlinear optical effects are highly
dependent on the chirality of the molecules involved.33 The observation of
electro-optic effect in this polymer alone could not guarantee a chemical
poling behavior, circular dichroic studies of the polymer might provide
more information in this respect.33

5.6 Summary and conclusions

Three p-nitroaniline derivatives were found to show electro-optic effect in
poly(methyl methacrylate) matrix. The chromophore loading level was
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limited to less than 20% due to lack of optical clarity, possibly due to the
increased chromophore-chromophore electrostatic interaction and subse-
quent crystallization. Contact poled guest-host systems were studied using
a modulated ellipsometric setup and they showed a maximum r33 value
of 2.7 pm/V for the molecule N,N-bis(4-[(6-aminohexyl)amino]butyl)-4-
nitrobenzenamine doped to 15 wt% in PMMA, at 632.8 nm. The electro-
optic coefficient obtained was sufficient for photorefractive effect.

The second polymer system was a side chain polymer Poly(3-methacrloyl-
1-(4’-nitro-4-azo-1’-phenyl)phenylalanine-co-methyl methacrylate). The ele-
ctro-optic coefficient r33 of this polymer was 4.75 pm/V at 632.8 nm. The
measurement was done on un-poled samples assuming an inherent polar
order due to the structure of the molecular units.
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CHAPTER

SIX

Observation of Photorefractive Effect in a

Polybenzoxazine Based System

6.1 Introduction

The photorefractive effect requires both photoconductivity and electro-
optic effect in a single medium. Materials which are photorefractive can
be used for a variety of applications ranging from multiplexed reversible
data storage1 to neural networks.2 Earlier works were focussed on pho-
torefractive inorganic crystals. These are difficult to prepare with required
dopant level, as most of the dopants will be expelled during the crystal
growth process. Also, in these materials the dielectric constant is higher
which reduces the photorefractive figure of merit.3 Polymer photorefrac-
tive systems offer a very flexible alternative as tunability of properties can
be achieved very easily using chemical methods and the dielectric constant
of these materials are small which permits higher space charge fields. Many
polymer photorefractive systems were reported claiming device quality
speeds and gain coefficients.4 Yet, the use of organic photorefractive ma-
terials has not come up to the level of a commercial application mainly
due to the instability problems with polymers. Diffraction efficiency ap-
proaching 100 % and two beam coupling gain coefficient of over 200 cm−1

were achieved in photorefractive polymers.5 Nano-particles were also used
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as sensitizers for photorefractive polymers and a maximum gain coefficient
of 48 cm−1 was reported.6 Recently an updatable holographic 3D display
was demonstrated based on a photorefractive polymer.7

Aim of the present study was to identify molecules suitable for pho-
torefractive systems and to develop a photorefractive formulation. In the
preceding chapters, studies done to select molecules capable of showing
photoconductivity and electro-optic effect are given. Presence of photo-
conductivity and electro-optic response may not guarantee a photorefrac-
tive effect. The only proof comes from the asymmetric energy transfer
which will be observed if the gratings formed are truly photorefractive as
mentioned in Section 6.3. Molecules were selected based on the studies
performed on them to prepare possible photorefractive composites. Ex-
periments and the results are given in the present chapter.

There are so many photorefractive systems reported in the literature.
Each of them belong to the classes of photorefractive polymers discussed
in Section 1.3. A fully functionalized photorefractive system8 is consid-
ered to be highly stable as the components are chemically linked together.
But this requires lengthy and usually complicated synthesis procedures. A
flexible method is the guest-host approach which offers a variety of combi-
nations. Guest-host systems with glass transition (Tg) temperature near
room temperature have shown high two beam coupling gain coefficients due
to the field induced reorientation of the dipolar chromophores.5,9 Thus we
have also decided to start from a guest-host system based on the molecules
studied.
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Figure 6.1: The chemical structure of the molecules used in a high efficiency
photorefractive composite.
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The highest photorefractive diffraction efficiency (near 100%) was obtained
for a guest-host system.5 Fig. 6.1 shows the chemical structure of the
molecules used in this system. The molecules depicted are, charge transfer
complex of poly(N-vinylcarbazole) with 2,4,7-trinitro-9-fluorenone (mid-
dle), 2,5-dimethyl-4-(p-nitrophenylazo)anizole (left) and N-ethylcarbazole.
The next section describes the polymer system developed in the present
work and the details of the studies carried out.

6.2 Guest host system based on Poly(6-tert-butyl-

3-phenyl-3,4-dihydro-2H-1,3-benzoxazine)

As the first requirement is carrier generation at the operating wavelength,
the photoconductor, Poly(6-tert-butyl-3-phenyl-3,4-dihydro-2H-1,3-benzo
xazine) which was sensitized with C60 was selected as the photoconduct-
ing host. Electro-optic effect can be brought about in this host by doping
with either the molecules or polymer studied in Chapter 5. Unfortu-
nately, these molecules could not be used as none of them showed required
transparency when blended with the photoconducting matrix of selection.
These molecules may be compatible with some other photoconductive
systems. Thus for the preparation of a photorefractive system, the well
studied nonlinear optical chromophore Disperse Red 1 (DR1) was used in
the above photoconducting host. The structure of the molecules in the
system is given in Fig. 6.2.

6.2.1 Preparation of sandwich cells

Preparation of sandwich structures which were transparent required much
attention to every detail. The photorefractive polymer has to be subjected
to very high electric fields. Thus even traces of impurities lead to electric
breakdown and waste of material and time. Patterning of the ITO was
necessary to avoid discharge through the edges of ITO plates and sample
failure. The plates were patterned by first defining the ITO area to be kept
by applying a thick coating of ethylene-propylene diene monomer (EPDM)
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rubber. Immersing the coated plates in a mixture of hydrochloric acid and
nitric acid at a ratio of 3:1 for 10 minutes removed all uncovered ITO from
the plate.10 Plates were thoroughly cleaned using soap solution and water
after the etching process.
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Figure 6.2: Molecular structures of the molecules used for preparing
a system showing both photoconductivity and electro-optic effect. (a)
Poly(6-tert-butyl-3-phenyl-3,4-dihydro-2H-1,3-benzoxazine), (b) N-ethyl
carbazole, (c) 4-[N-ethyl-N-(2-hydroxyethyl)]amino-4-nitroazobenzene
(DR1), and (d) C60.

To prepare the device for photorefractive studies, ITO cells were assembled
first. For this, one of the the patterned ITO’s was given two layers of Teflon
(48 µm) covering at the two edges and another ITO was flipped over it
as shown in Fig. 6.3, two metallic clips were used at both sides to keep
them stuck together. This gave a glass cell with ∼ 48µm inter-electrode
separation.

The sample was made to fill between the plates utilizing capillary
action. For this, the sample was prepared as a fine powder. The follow-
ing composition of components was used for preparing a polymer system
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with photoconductivity and electro-optic response. Poly(6-tert-butyl-3-
phenyl-3,4-dihydro-2H-1,3-benzoxazine) (68 wt%), C60 (0.6 wt%), N-ethyl
carbazole (18.9 wt%) and DR1 (12.5 wt%), this composition showed good
optical clarity. All these were dissolved in 20 ml spectroscopic grade chlo-
roform. The solution was filtered through a 0.45 µm Nylon filter and
allowed to solidify. The solid material was crushed and dried for several
hours (more than 48 h) in a vacuum (∼ 10−2 Torr) oven maintained at
600C, which was above the Tg of the polymer. After thorough drying, the
material was crushed to powder using a clean spatula.

 

Figure 6.3: (a). Etched pattern of ITO on glass and (b). Side view of
sandwich cell for photorefractive studies.

The final step was done by keeping the assembled glass cell on a hot plate
and a small amount of the above powder was placed near the opening
of the cell. Temperature was raised till the powder melted, after careful
examination for bubbles or other objects, the melt was forced to touch
the opening of the cell. The melt moved into the cell due to capillary
action. Enough time was allowed for completely filling the area between
the electrodes. The sample was rapidly cooled by placing it on an ice cube.
After cooling, the edges of the plates were sealed using two component
resin adhesive and kept for setting. Samples prepared in this method
were able to withstand high electric fields (up to 65 V/µm) and they were
of high optical clarity. All subsequent measurements were done at room
temperature (28±10 C).
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6.2.2 Optical absorption and glass transition

The optical absorption of the composite was taken using a Jasco V-570
spectrophotometer. Fig. 6.4 shows the absorption spectrum of the system.
The absorption coefficient at 632 nm was estimated to be 73 cm−1.
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Figure 6.4: Absorption spectrum of the polymer system prepared.

The absorption in the visible region was dominated by the absorption of
the Disperse Red 1 dye. The absorption spectrum of the dye in chloroform
is shown in Fig. 6.5.
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Figure 6.5: Absorption spectrum of Disperse Red 1 in chloroform.

The absorption band in the visible region is due to the strong internal
charge transfer (ICT) occurring in the dye.11 The glass transition temper-
ature of the composite was lowered by the plasticizing action of ECZ to
330C. Nonlinear optical chromophores are also capable of plasticizing the
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polymer. The differential scanning calorimetry trace of the composite is
shown in Fig. 6.6.
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Figure 6.6: Differential scanning calorimetry trace of the prepared com-
posite.

The low Tg of the system facilitated the rotation of the chromophores un-
der an applied electric field, which was expected to give an “orientational
enhancement” of gain coefficient.12 In such a case, the refractive index
modulation is not due to Pockels effect, which relies on the molecular first
hyperpolarizability and a macroscopic second order susceptibility (χ(2)),
alone. Field induced alignment of the chromophores with a polarizability
anisotropy lead to a field dependent change in the first order susceptibility
(χ(1)).12 This additional mechanism causes larger refractive index modula-
tions and is operative in low Tg high efficiency photorefractive polymers.13

6.2.3 Photoconductivity

The sandwich cell was tested for photoconductivity using the DC pho-
tocurrent method. A storage oscilloscope (Tektronix TDS210) used to
record the current thought the sample as illumination was given. Illumi-
nation source was a 10 mW He-Ne laser at 632.8 nm. The response of the
sandwich cell to light is shown in Fig. 6.7.
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Figure 6.7: Variation of current through the sandwich cell with and with-
out illumination.

The photoconductive sensitivity of the polymer system was evaluated using
the steady state photocurrent and was found to be 1.25 x 10−10 S cm W−1.
The time taken to reach steady state was approximately 10 seconds.

6.2.4 Electro-optic effect

Refractive index modulation in photorefractive materials is due to the
electro-optic effect. In the present case, to bring about electro-optic effect,
the molecule Disperse Red 1 (DR1) was used. This molecule has a first
hyperpolarizability (β) value of 125 x 10−30 esu and a ground state dipole
moment of 8.72 Debye.14 The glass transition temperature of the com-
posite was low, which will allow the reorientation of the doped dipolar
molecules under the applied electric field. The refractive index modula-
tion could be due to birefringence, Pockels effect and Kerr effect.13 The
birefringence np-ns was calculated by keeping the sample in between two
crossed polarizers and measuring the transmitted intensity as a function
of applied field as described by Roberto et. al.15 In this configuration, the
sample acts as a retardation plate with field dependent retardation. The
detected intensity is given by,15

I = Imaxsin2

(
πd4n

λ
− ψ

2

)
(6.1)
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Here Imax is the light intensity transmitted through the sample, d is the
total optical path length within the sample, λ is the wavelength and ψ is
the phase retardation introduced by a quarter wave plate kept before the
sample. Measurement of the transmitted intensity was done as a function
of applied field and the birefringence (4n) was calculated. The quantity
np-ns showed a field dependence as shown in Fig. 6.8.
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Figure 6.8: Field dependence of birefringence in the polymer system due
to the field induced rotation of the dipolar molecules.

The above graph shows that the field induced reorientation of the chro-
mophores was active in the system. The birefringence measured at 62.5
V/µm was 3 x 10−3. In a highly efficient photorefractive system reported,
the birefringence was 7.1 x 10−3 at an electric field of 81 V/µm.5

As contribution from birefringence was found to be dominant, for char-
acterizing the electro-optic response of this low Tg system, the electro-optic
response function was used.16 The experiential setup was same as the one
used for the electro-optic characterization described in Section 1.6.6. The
response functions are given by,

R(Ω) =
3Im(Ω)λGd

πn3IiVBVAC
and R(2Ω) =

3Im(2Ω)λGd

πn3IiV 2
AC

(6.2)

Here Im is the modulated intensity measured as a function of the frequency
(Ω) of the applied ac voltage of magnitude VAC and Ii is the transmitted
intensity without any fields. Im were also measured at the second harmonic
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of the modulation frequency using the lock-in-amplifier. For a refractive
index (n) of 1.67 and incident angle of 450, the geometrical factor16 G
was equal to 5. VB is the constant voltage maintained across the device,
which was 1V in the present case, due to the limitations of the modulator.
The response functions were evaluated at the modulation frequency R(Ω)
and its second harmonic, R(2Ω). Fig. 6.9 shows the electro-optic response
functions of the polymer system.
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Figure 6.9: The electro-optic response function of the polymer system as
a function of the frequency of the applied ac field.

6.3 Test of photorefractive nature of gratings

A polymeric system with photoconductivity and an electrooptic response
may not necessarily be photorefractive. Also, the presence of non-photorefr-
active gratings cannot be ruled out in a photorefractive polymer. Other
types of gratings of physical or chemical origin may coexist with a truly
photorefractive grating. The proof for the photorefractive nature of the
gratings can only be demonstrated with the two beam coupling (TBC) ex-
periment. In TBC experiment, the intensities of the grating writing beams
are monitored after the passage through the photorefractive sample. The
experimental setup of the two beam coupling experiment is shown in Fig.
6.10
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Figure 6.10: The two beam coupling experiment.

The presence of other types of gratings (due to chemical or physical changes)
can be understood by monitoring the intensity of the beams. A simultane-
ous increase (decrease) of both the writing beams must be due to a decrease
(increase) of the absorption coefficient of the sample which is in phase with
the illumination pattern. Unaltered intensities may be due to the absence
of any type of gratings or due to an in phase refractive index grating or
a 90o phase shifted absorption grating.17 A photorefractive grating will
induce an asymmetric energy coupling between the two writing beams.
That is, one beam will be amplified and the other attenuated.

6.3.1 Two beam coupling experiment

The experiment was done in the tilted geometry to have a component of the
applied electric field along the grating wave vector. Two s-polarized laser
beams were made to interfere inside the photorefractive sample. Beam
intensities were ∼1 W/cm2 for both the laser beams. Inter-beam angle
was 300 and the angles between the normal to the sample surface and the
interfering beams were 250 and 550. The intensities of both the beams
after traversing the sample were monitored after the application of electric
field. The absorption within the sandwiched sample showed an increase
with applied field as evidenced by the reduction in intensity of both beams
when the electric field was applied. The experiment was performed only
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after the field induced change reached a steady value. For fields above
40 V/µm, measurable intensity changes were observed in one beam when
the other beam was interrupted. The change in intensity of beam 1 on
introducing beam 2 is shown in Fig. 6.11 for 62.5 V/µm.
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Figure 6.11: The two beam coupling effect. Intensity of Beam 1 increased
as Beam 2 was introduced. Electric field was 62.5 V/µm.

Fig. 6.11 shows the two beam coupling effect in the sample proving the
system to be photorefractive. It can be seen that the two beam energy
transfer persists and reaches a steady state. There were transient energy
transfers occurring during the experiment as can be seen in Fig. 6.11,
which is reported to be due to local gratings of origin other than photore-
fractive effect.12 The gain coefficient was evaluated as described in Section
1.2 using the steady state values of the beam intensities and their inter-
action length. The gain coefficient can be related to the refractive index
modulation (4n) and the intensities I1 and I2 of the interfering beams by
the equation,

Γ =
4π

λ

4n

m
sin(Φ), (6.3)

where λ is the wavelength of laser and m is the modulation depth given
by m = 2

√
I1I2/(I1 + I2). The quantity Φ is the phase shift between the

illumination pattern and the resultant refractive index grating. Determi-
nation of phase shift can be done by shifting the interference pattern or
the sample at a rate greater than the response tie of the photorefractive
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grating and noting the change in intensities of the passing beams18 but
this could not be done experimentally. If the maximum phase shift of 900

(occurs only for gratings formed by diffusion of charges) is assumed for the
grating, it corresponds to a refractive index modulation of 4.4 x 10−5 for
a gain coefficient of 8.8 cm−1. Fig. 6.12 shows the variation of the gain
coefficient Γ with applied field.
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Figure 6.12: Field dependence of the two beam coupling gain coefficient.

6.3.2 Diffraction efficiency

The diffraction efficiency was determined using the four wave mixing ge-
ometry as shown in Fig. 6.13. In this, two s-polarized laser beams of
power density 1.1 W/cm2 derived using a beam splitter at the output of a
He-Ne laser (30mW, Melles Griot) was used to create an interference pat-
tern inside the sample. Another p-polarized weak laser beam was made
to counter propagate one of the writing beams and the diffracted signal
was detected using a photodiode. Orthogonal polarization direction of
the probe beam reduce its interaction with the interfering beams. The p-
polarized beam was chopped using a mechanical chopper and the diffracted
beam intensity was measured using a lock-in-amplifier tuned to the chop-
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ping frequency.
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Figure 6.13: Experimental arrangement for diffraction efficiency measure-
ment in the four wave mixing geometry.
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Figure 6.14: Intensity of diffracted signal as a function of applied voltage.

Non-photorefractive gratings were also present as evidenced by the diffrac-
tion of the beam in the absence of the external electric field. The diffracted
signal from this mixed grating was measured as a function of electric field.
The variation of the detected signal with field is shown in Fig. 6.14. The
diffraction efficiency was calculated from the intensities as the ratio of
diffracted intensity and incident intensity. The maximum diffraction ef-
ficiency was found to be 2 x 10−3 % and was not due to photorefractive
gratings alone.
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6.3.3 Response time

The response time of a photorefractive system determines the time required
for steady state operation. It depends on many factors including the ef-
ficiency of charge generation, mobility of charges and the orientational
mobility of the electro-optic chromophores. Photorefractive polymer with
response time of 5 ms was reported by Wright et. al. and they concluded
that the photoconductivity was the rate determining step.4,19 Presence
of dipolar molecules were also proposed to be the limiting factor of the
photorefractive response time.20

The grating buildup time, measured in a four wave mixing geometry is
considered to be the photorefractive response time. But in the present case,
the diffraction efficiency could not be considered as due to photorefractive
effect alone. Thus the response time was estimated from the two beam
coupling data. The approximate time required to achieve the steady state
coupling was determined from Fig. 6.11 as ∼ 5 s.

6.4 Summary and conclusions

A photorefractive polymer system was developed which showed a two beam
coupling gain of 8.8 cm−1 at an electric field of 62.5 V/µm. The two
beam coupling gain coefficient was very small compared to the optical
absorption coefficient of the system. Hence no net gain was obtained from
this system. Photoconductive sensitivity of the system was evaluated at
632.8 nm. Electro-optic response functions of this low Tg photorefractive
system was also studied. The two beam coupling effect showed that the
developed system was photorefractive. Presence of non-photorefractive
gratings was also detected in diffraction efficiency measurements in the
four wave mixing configuration.
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CHAPTER

SEVEN

Summary

7.1 Summary of the work

The photorefractive effect, which was considered an unwanted phenomenon,
is now being looked at as a promising candidate for reversible holographic
data storage. Researchers around the world are working on challenging
problems with photorefractive polymer systems. Commercialization of
photorefractive polymers requires reduced response time, low applied fields
and high stability. As no single material can provide all these properties,
a variety of materials are being studied and reported in the literature.

The aim of this work was to develop photorefractive polymer systems.
The experimental techniques required for studying polymer photoconduc-
tors were surveyed and setup. Initially, a molecularly doped polymer
system was made and studied. Due to the low sensitivity and instability
of this system, new polymers were selected and studied. Chapters 2 and
3 deal with the studies done on these polymers. Out of four polymer pho-
toconductors studied, the polymer Poly(6-tert-butyl-3-phenyl-3,4-dihydro-
2H-1,3-benzoxazine) sensitized with C60, was found to be highly sensitive
in the entire visible region of the spectrum. The photoconductive sensitiv-
ity of this polymer was sufficient for photorefractive effect.

In chapter 4, the possibility of solvatochromic effect to elucidate the
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first hyperpolarizability of a series of p-nitroaniline derivatives was explored.
The electro-optic effect needed for the refractive index modulation was
studied in chapter 5. Guest-host systems were made based on PMMA and
electro-optic effect was observed. Also, the polymer Poly(3-methacrloyl-
1-(4’-nitro-4-azo-1’-phenyl)phenylalanine-co-methyl methacrylate) showed
electro-optic modulation without any electrical poling.

A variety of combinations were tried to make a single polymer system
capable of showing both photoconductivity and electro-optic effect. Electro-
optic molecules studied in Chapter 5 could not be used due to the miscibil-
ity problems with the polymer photoconductor Poly(6-tert-butyl-3-phenyl-
3,4-dihydro-2H-1,3-benzoxazine) sensitized with C60. The system made
with this photoconductor and the molecule disperse red 1 showed photore-
fractive effect with a gain coefficient of 8.8 cm−1 at 62.5 V/µm. Electro-
optic and photoconductive properties of this photorefractive system were
also examined.

Importance of the present work is that it presented the very first obser-
vation of photorefractive effect in Poly(6-tert-butyl-3-phenyl-3,4-dihydro-
2H-1,3-benzoxazine), which belong to a less studied class of polymers for
optoelectronic applications. The main advantage is that these polymers
can be easily synthesized with low cost chemicals. Observation of good
photosensitivity in a polybenzoxazine may trigger studies on solar cells
based on these polymers. The present study made some important ob-
servations on an electro-optic polymer which require deeper studies. The
study was a success in the sense that the aim was achieved along with
some results which may find applications in other areas also.

7.2 Outlook

This thesis discussed molecules suitable for photorefractive effect. Out
of the molecules studied, only one system was used to make photore-
fractive polymers system. Other molecules, especially, the electro-optic
polymer, Poly(3-methacrloyl-1-(4’-nitro-4-azo-1’-phenyl)phenylalanine-co-
methyl methacrylate) can be subjected to more detailed studies to explore
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the possibilities of using them for electro-optic applications. Though not
included in the thesis, the efficient photoconductor, Poly(6-tert-butyl-3-
phenyl-3,4-dihydro-2H-1,3-benzoxazine) sensitized with C60, which was de-
scribed in Chapter 3 showed a low magnitude photovoltaic effect. This
hints at the possibility of using this system for organic solar cells also.

The thesis presented the initial observation of photorefractive effect in
a polybenzoxazine based polymer system. A detailed analysis of the effect
of C60, ECZ and DR1 can be carried out to check for the possibility of a
high efficiency photorefractive system.
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