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INTRODUCTION 

 

As an important branch of optoelectronic media, organic materials have been 

extensively studied because of their technological relevance for a variety of applications. 

One of the crucial points of research in this field is the development of new light sensitive 

materials that exhibit properties such as high efficiency, high sensitivity, high speed, long 

working life and low cost. Materials which show non-linear optical properties are of 

particular relevance in this field, since they allow the manipulation and transformation of 

an optical signal: under proper conditions, several features of a signal, such as frequency, 

phase or direction of propagation can be controlled. 

An important subset of non-linear optical materials are the materials showing 

photorefractive properties, which are of wide interest and among the most promising 

non-linear optical materials used in optoelectronic and photonic devices. Photorefractive 

materials are photoconductors in which the space redistribution of charges 

photogenerated by a non-uniform illumination creates a space-charge field. In turn, such a 

field affects the refractive index if the material exhibits non-linear optical properties 

and/or spontaneous (or field-induced) birefringence. There are many applications related 

to photorefractive effect, such as data storage, holography and image processing. 

This research project was focused on the photoconducting and photorefractive 

characterization of azo-polymers. Polymers were initially chracterized by DCS (to 

determine Tg) and a protocol to prepare samples between conducting electrodes was 

established. The photoconducting properties of a series of different polymers containing 

the carbazole moiety were then investigated and a structure/property relationship was 

established, linking photoconduction to the nature of the linking group between the 

polymeric chain and the carbazole unit. 

Photorefractive properties were characterized by Multi-Wave Mixing techniques. 

Room temperature photorefractivity without pre-poling was demonstrated in polymers 

and co-polymers with a glass transition temperature well above 100 °C. The compounds 

used are multifunctional side-chain polymers exhibiting chiral, semiconducting, 

photochromic and non-linear optical (azoaromatic moieties) properties. The 

photorefractive performance was linked to the reorientational effect of the photogenerated 

space-charge field, that well below the glass transition temperature can be active in the 
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presence of the conformational mobility achieved via the trans-cis light-induced 

isomerization. The grating build-up time, which was long at λ = 632.8 nm (with a time 

constant τ ∼ 500-1000 s) decreases by two orders of magnitude at λ = 532 nm, where 

absorption is higher. 

Several other properties were also studied, in order to obtain a deeper insight into 

the mechanism of photorefractive behaviour for the polymers under investigation. In 

particular, studies of light and electric field-induced birefringence were carried out, as 

well as AC ellipsometric experiments. The results of such characterizations allowed 

separating the different roles of light and electric field in the photorefractive process. 

Finally, a surprising result was the measurement of photoconductivity in an 

azo-polymer not containing carbazole units. In our knowledge, this is the first observation 

of such behaviour and photorefrative results seem to indicate that the conduction is due to 

electrons rather than holes. 

This thesis is organized as fellows: 

� Chapter 1 introduces the principles and requirements for photorefractivity. 

� Chapter 2 introduces the photorefractive polymers. 

� Chapter 3 introduces the light-induced effect in azo-polymers and their applications. 

� Chapter 4 introduces the relevant measurement techniques. 

� Chapter 5 introduces the photoconductivity and mobility results. 

� Chapter 6 introduces results relevant to photorefractivity. 
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Chapter 1 

 

PHOTOREFRACTIVITY:  

 

PRINCIPLES AND REQUIREMENTS 
 

1.1 Introduction     

For many years, considerable research efforts have been devoted to the study of 

the interaction between light and matter to replace the electronic devices with faster, more 

sensitive, and more reliable optical devices. To this aim, light sensitive materials with 

high optical quality, high efficiency, high sensitivity, long lifetime, low cost, and good 

processability have attracted much attention. Among light-sensitive media, 

photorefractive (PR) materials have recently been extensively studied for their various 

applications, such as data storage1-4, phase conjugation5-7, image amplification and 

processing8-10, holographic recording11-13 and infrared imaging14. 

The photorefractive effect is a spatial modulation of the refractive index due to 

charge redistribution in optically nonlinear materials. The effect arises when charge 

carriers, photogenerated by a spatially non-uniform light intensity, separate by drift and/or 

diffusion processes and become trapped to produce a non-uniform space-charge 

distribution. The effect was first observed in 196615 by Ashkin and co-workers. They 

found that intense laser radiation focused on ferroelectric LiNbO3 and LiTaO3 crystals 

induced a semi-permanent index change. This phenomenon was unwanted for their 

purposes, therefore they referred to it as an “optical damage”. However, the potential of 

this new effect for use in high density optical data storage was realized soon after by Chen 

and co-workers.16 The effect later became known as PR effect and was first studied 

mainly on inorganic crystals. In more recent years, new classes of materials became 

candidates for PR applications, such as organic crystals, glasses, polymers17,18 and liquid 

crystals.19-21 The most important properties that a PR material must exhibit are 

photoconductivity (light dependent electrical conductivity) and an electric field dependent 

refractive index.22  

Usually, high refractive index variations can be induced under low-power laser 

illumination in PR materials. In contrast to many grating formation mechanisms with 

thermal, electronic, or chemical origins, the unique characteristic of PR effect is the 
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nonlocal property arising from charge migration, which leads to a phase shift between the 

incident light intensity pattern and the refractive index modulation. This nonlocal 

response is a fingerprint of the photorefractive effect and enables energy transfer between 

two coherent laser beams.23 

 

1.2 Fundamentals of photorefractivity 

The photorefractive effect is based on a redistribution of charges photogenerated 

under a non-uniform illumination, leading to an internal electric field pattern that 

modulates the refractive index through the electro-optic effect. 24 Therefore, the PR effect 

can be observed in materials that are simultaneously photoconductive and electro-optic. A 

photoconductor is a material that is a good insulator in the dark and becomes conductive 

upon illumination. The electrical conductivity of the material is due to mobile charge 

carriers that are created by absorbed photons. 

Photorefractivity can be described step by step with the help of Fig. 1.1. PR 

materials can be illuminated by two coherent laser beams with the same wavelength, as 

shown in Fig. 1.1(a). These beams interfere to produce a spatially modulated intensity 

distribution I(x), given by25: 

0( ) [1 cos(2 / )]I x m xI π= + Λ                                         (1.1) 

where 0 1 2I I I= +  is the total incident intensity, i.e., the sum of the intensities of the two 

beams, 1 2
1 21 2 ( )2( )m I II I= +  is the fringe visibility, and Λ is the period of the 

sinusoidal light distribution, which depends on the wavelength, on the refractive index n 

of the material and on the angle between the two beams inside the material, according to 

Eq.(1.2). Λ can vary generally from a fraction of a micrometer to a couple of tens of 

micrometers. 

int2 sin( )n a

λ
Λ =

∆
                                                             (1.2) 

In photoconductive materials, following a spatially periodic photoexcitation, more 

carriers are generated in the regions near the light maxima, as shown in Fig. 1.1(c), 

because the photogeneration rate can be assumed proportional to the local value of the 

light intensity. In the simplest model, one kind of carriers (electrons or holes) migrate 

from the positions of high intensity where they were generated and leave behind fixed 

charges of the opposite sign, as shown in Fig. 1.1 (d). The migration process is limited by  
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Fig. 1.1. Schematic representation of the steps for 

 the build-up of a photorefractive grating. 

 

traps present in the material under the form of impurities or more generally any structural 

modification of the local environment of a site that leads to a deformation of the local 
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potential and to a lower energy state for the carriers. During the transport process, the 

carriers can, to some extent, move away from the brighter regions (higher density regions) 

to the darker regions (lower density regions). The characteristic distance over which the 

carriers migrate in an efficient photorefractive material is in the micrometer range. The 

carriers trapped in the darker regions and the fixed charges of opposite sign, left behind in 

the brighter regions, give rise to an inhomogeneous space-charge distribution. The 

space-charge distribution is in phase with the light distribution if transport is governed by 

diffusion only, and can be phase shifted when drift in response to an applied field is 

present. If the light is removed, this space-charge distribution can remain in place for a 

period of time which can vary between nanoseconds and years depending on the 

photorefractive material class. For a one-dimensional light distribution described by Eq. 

(1.1), a space-charge distribution ρ(x), in a material with a dielectric constant ε, induces 

an internal space-charge field Esc(x) described by Poisson’s law (Eq.(1.3)):  

4SCdE

dx

πρ
ε

=                                                                  (1.3) 

The last step in the build-up of a photorefractive grating is the modulation of the 

refractive index by this internal space-charge via the electro-optic effect which will be 

discussed in details in section 1.3.4 below. The refractive index modulation recorded in 

the material at the end of the process will have the same spatial periodicity. The spatial 

derivative that appears in Poisson’s equation is of paramount importance since it is the 

origin of the non-local response of photorefractive materials, namely the phase shift 

between the refractive index modulation and the initial light distribution. This phase shift 

is unique to PR materials and can lead to energy transfer between two incident beams. In 

addition, “photorefractivity” is then more than a refractive index variation induced by 

light and the photorefractive effect is very different from many other mechanisms that can 

lead to grating formation, such as thermal, chemical, and electronic nonlinearities. In 

contrast to many processes studied in nonlinear optics, the photorefractive effect is very 

sensitive and can be observed using milliwatts of laser power. One of the important 

properties of photorefractive materials is the possibility of storing gratings combined with 

the possibility of erasing the grating at any time with a uniform light source. All these 

properties make photorefractive materials important for dynamic holographic 

recording/retrieval and for all the related applications.26                                        

  Photorefractive materials can be divided in two classes: inorganic crystals and 
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organic materials. The photorefractive effect has been first studied mainly in inorganic 

crystal,27 including LiNbO3, BaTiO3 and KNbO3, which belong to the class of 

ferroelectrics, Bi12SiO20 and other sillenites, semiconductors such as GaAs, InP, CdTe,28 

and semiconductor multiquantum wells (MQW).29-35 The basic physical model for 

photorefractivity in inorganic materials is based on the Kukhtarev model,36-40 which gives 

the first-order component of the steady-state space-charge field created by a sinusoidal 

light distribution. The amplitude of the space-charge field Esc is given by : 

( ) ( )

1/ 2
2 2
0

2 2
01 / /

SC

D

D q q

E EmE
E E E E

=

 + 
 ++ 

                                  (1.4) 

where E0 is the component of the applied field along the grating vector. The diffusion 

field ED is defined as: 

B

D

K Tk

e
E =                                                                  (1.5) 

where K = 2π/Λ is the grating vector, kB is the Boltzmann constant, T is the temperature, 

and e is the elementary charge. In Eq. (1.4), the trap-limited field Eq is given by:  

0

T

q

eN

K
E εε

=                                                                 (1.6) 

where ε is the dielectric constant, ε0 the permittivity of free space, and NT the density of 

photorefractive traps. The phase shift Θ between the space-charge field and the light 

interference pattern resulting directly from transport is given by: 

2

0

0

1D D

q D q

arctg EE E
E E E E

  
  Θ = + +

    

                                            (1.7) 

If transport is driven only by diffusion, the phase shift will be π/2, otherwise it 

will depend on the relative strength of the diffusion and drift processes, and will be 

smaller than π/2. 

This model introduced by Kukhtarev and co-workers has provided a solid 

framework for the description of the formation of photorefractive gratings in inorganic 

crystals and agrees reasonably well with experiment results. However, in organic 

photorefractive materials, it is difficult to speculate on the validity of this model since it 

does not take into account several important aspects of charge generation, transport, 

trapping, and recombination that are intrinsic to organic materials. Furthermore, discovery 
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of the Orientational Enhancement Effect (which does not exist in PR inorganic materials 

and will be discussed in details in section 1.3.4.2) in 1994 by Moerner and corkers41 

altered the picture of the electro-optical nonlinearity and led to an even more complicated 

description of the PR effect in organics. Overall, the process of PR grating formation in 

most organic materials can be viewed as a space-charge field formation followed by a 

non-instantaneous reorientation of chromophores in response to the total local field, 

which is the sum of the space-charge field and the applied dc field.42 Nevertheless, the 

following basic physical trends can be extracted from the Kukhtarev model and applied to 

organic materials. Eq. (1.6) shows that the maximum value for the space-charge depends, 

for a given material, on the trap density NT and on its low-frequency dielectric constant ε. 

In most of the inorganic crystals, these two parameters are not very favorable to the 

buildup of a strong space-charge field. High doping levels are difficult to achieve in 

crystals because crystals have the tendency to be repellent to impurities. In addition, since 

in inorganic crystals the electro-optic properties are often driven by ionic polarizability, 

high electro-optic properties are accompanied by a high dielectric constant which limits 

the value of the space-charge field. In organics, the electronic origin of the nonlinearity 

leads to materials with high second-order nonlinear optical properties and simultaneously 

a low dielectric constant at low frequencies. Moreover, traps are not due to impurities but 

rather to structural defects or conformational disorder characteristic of non-crystalline 

materials. As a result, very high trap densities can be present and the space-charge field 

can reach saturation. Saturation occurs when the value of the internal space-charge field 

balances the external field. Polymers prepared in thin films can support very large electric 

fields, leading to significantly higher space-charge fields in polymers than in inorganic 

crystals. These considerations make organic materials and especially polymers very 

attractive for photorefractivity and have been the driving force in the early development 

of organic photorefractive materials. 

 

1.3 Properties of photorefractive polymers 

To be photorefractive, a material should combine photosensitivity to generate 

charge carriers and photoconductivity to separate them through transport, provide traps 

for them to store the space charge field, and possess a field-dependent refractive index 

such as through the electro-optic effect. In the following, the physical models currently 
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used to describe charge generation and transport in amorphous organic photoconductors 

will be described. 

 

1.3.1 Charge carriers photogeneration 

The photogeneration process consists in the creation of non-interacting charges of 

opposite signs through light absorption. A higher carrier photogeneration rate gives faster 

and better PR performance, but excessive absorption should be avoided because light 

must be transmitted through the medium if volume effects are to be observed. Materials 

with moderately low absorption coefficient but high photogeneration rate are thus ideal. 

Photogeneration can be followed by recombination, which limits the formation of free 

carriers that can participate in the transport process and is, therefore, a loss for the 

formation of the space-charge. In organic materials, owing to a low dielectric constant, 

the screening of the Coulomb interaction between the electron and hole is small, resulting 

in low photogeneration efficiency unless an electric field is applied to counteract 

recombination. The quantum efficiency for carriers generation is, therefore, strongly field 

dependent and increases with the applied field. 

A model involving excitons43 was proposed to understand the mechanism leading 

to separated chargers induced by an absorbed photon. The exciton is an excited state in 

which the distance between charges is larger than in the ground state but with the two 

chargers still coulombically interacting. Depending on experimental conditions, the 

excitons can dissociate completely to give separated charges or return to the ground state 

by geminate recombination, as shown in Fig. 1.2.  

 

 

Fig. 1.2. Scheme of the photogeneration process. 

 

Geminate recombination is usually described by the Onsager’s theory for the 

dissociation of ion pairs in weak electrolytes.44,45 This theory, derived by solving the 
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Smoluchowshi equations, describes the photogeneration process as obtained by exciton 

formationfollowed by the creation of an intermediate state in which the electron-hole 

pairs are thermalized (Fig. 1.2) at a typical distance r0. At this state, thermal fluctuations 

can separate the charges if the thermal energy kBT is comparable to the electrostatic 

binding energy of the pair. A Coulomb radius rc is defined as the distance at which 

thermal and electrostatic energies are equal: 

2

c

DC B

e
r

Tkε
=                                                                 (1.8) 

where CGS units are used. Charge separation is efficient if r0 is not much shorter than rc, 

otherwise its probability is low. 

The two parameters describing the separation process are the primary quantum 

yield φ0 and the escape probability Ω. φ0 represents the probability that an exciton 

becomes a thermalized couple, while Ω is the probability that an excited charge moves 

beyond the Coulomb radius and avoids recombination. From Osanger’s model it is 

possible to obtain the analytical expression for Ω45: 

)!nm(!m

BA
ee)E,,r(

nmm

0m0n

BA

+
=θΩ

+∞

=

∞

=

−− ∑∑                              (1.9) 

where, in CGS units: 

2

DC B

e
A

k Trε
=                                               (1.10) 

(1 cos )
2 B

eEr
B

k T
θ= +                                                (1.11) 

where E is the applied electric field, e is the elementary charge, εDC is the static dielectric 

constant, kB is the Boltzman constant, T is the temperature and θ is the polar angle 

between applied field and the direction connecting the two charges. 

Defining the quantum efficiency as φ(E,r0) = φ0 Ω, it is interesting to derive the 

dependence of φ on the applied field E. Under the assumption that the distribution of 

thermalized pairs is isotropic, Mozumder46 integrated the product φ0Ω over space, and 

obtained a good numerical approximation to Onsager’s quantum efficiency φ(E) in terms 

of the infinite sum: 

( ))(A)(A1)E(
0 nn

1
0 ∑∞− ξκξ−φ=φ                                     (1.12) 

Where An(x) is a recursive formula given by: 
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!n

ex
)x(A)x(A

xn

1nn

−

− −=                                                    (1.13) 

and x
0 e1)x(A −−=  , 

0

c

r

r
=κ  , 

Tk

Eer

B

0=ξ . 

In Eq. (1.12),  φ0 is the primary quantum yield, i.e., the fraction of absorbed 

photons that results in bound thermalized electron-hole pairs. It is considered independent 

of the applied field. For the infinite sum in Eq. (1.12), good convergence is found for n 

=10. The convergence of Eq. (1.12) makes it possible to derive the dependence of 

photogeneration on r0 and electric field E. For example, if the thermalization radius r0 is 

within the 10-30 Å range, typical for organic materials, the photogeneration efficiency φ 

varies strongly with the electric field and it can increase by several orders of magnitude 

by increasing the electric field from 10 to 100 V/µm, as shown in Fig. 1.3. 

 
Fig. 1.3. Photogeneration efficiency measured as function of the applied field in a film of 

PVK/DR1/TNF. 46  

 

1.3.2 Charge transport 

After photogeneration of free carriers, the next step in the buildup of a 

space-charge is their transport from brighter regions of the interference pattern (where 

they are generated), to other regions, where they get trapped. The transport mechanisms 

depend on the nature of materials. In crystals, because of the ordered structure, electronic 

band formation is allowed and consequently the photogenerated electrons can move easily. 
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In contrast to inorganic photorefractive crystals with a periodic structure, photorefractive 

polymers are nearly amorphous. The local energy level of each molecule/moiety is 

affected by its non-uniform environment. The disorder in amorphous photoconductors 

splits the conduction bands of molecular crystals into a distribution of localized electronic 

states. As a result, photogenerated charges must “hop” between localized levels with a 

transport mechanism that should be considered not as a continuous process but rather as a 

series of discrete events. The hopping mechanism for the case of hole transport is 

schematically described in Fig. 1.4. A sensitizer (electron acceptor to generate a hole) 

with density NA is excited, a free hole is injected into the transport manifold, hopping 

between transport sites until it either becomes trapped or recombines with ionized 

acceptors with a rate γ. 

 

 

Fig. 1.4. Schematic representation of hole transport and trapping model. 

 

The parameter that typically describes the transport process is the drift mobility µ 

defined by Eq.(1.14): 

v Eµ
→ →

=                                                   (1.14) 

where v
→

 is the drift velocity of charges moving under the influence of the applied 

electric field E
→

. 

In organics, due to the nature of the trapping and detrapping processes, drift 

mobility can be analyzed in terms of its Poole-Frenkel dependence on electric field47-49: 
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)
Tk

EF
exp(

effB

2/1
o

0

β−
−µ=µ                                    (1.15) 

where: 

1

0
eff

T

1

T

1
T

−









−=                                                             (1.16) 

and β is a constant coefficient depending on the transport system, F0 is the zero-field 

activation energy, E is the applied electric field, µ0 is a parameter depending on the 

material and T0 is a particular temperature value at which the curves µ vs. T intersect for 

all applied fields. Although this is one of the most used empirical relations to fit 

experimental data50, it overestimates drift mobility by several orders of magnitude 

because it considers a trap free transport  mechanism.51 Further enhancements were 

necessary in order to improve the correlation between theoretical and experimental data. 

 

 

 

A fundamental work in the field of intermolecular hopping transport is due to 

Scher and Montroll52, who explained this hopping-type transport by a continuous time 

random walk model (CTRW) in which the charge carriers are hopping between equally 

spaced lattice sites. Other models based on multiple trapping/detrapping have also been 

proposed.53 However, discrepancies from these simple models have been found 

experimentally54 and more elaborate models that include the effects of disorder between 

the different sites have been developed.55 Among the most recent ones, the so-called 

disorder formalism is already widely used, which assumed a Gaussian distribution of the 

positions56 and of the hopping sites energies57,58 (Fig. 1.5) and in addition that: 

1) electrons and phonons do not interact;  

2) no correlation exists between successive hops;  

Fig. 1.5. Energetic disorder in transporting levels. 
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3) the hopping rates νAB between states A and B with energies εA, εB and position RA 

and RB can be expressed in the Miller-Abrahamas form:  

Θ⋅−γ−ν=ν )RR2exp( BA0AB                       (1.17) 

where: 

BA

BA
B

BA

if                               1
or

if        )
Tk

exp(

ε<ε=Θ

ε>ε
ε−ε

−=Θ
 

In Eq. (1.17) ν0 is a frequency prefactor and γ is an inverse wavefunction decay 

length58. It is possible to observe that the probabilities of hopping to higher and lower 

energy sites are different. According to the disorder formalism model, if σ and Σ are the 

standard deviations of the Gaussian distributions for energy and position, respectively, the 

drift mobility µ is given by: 
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 σ
−µ=µ 2

22
B

22

B
0

Tk
ECexp

Tk3

2
exp                     (1.18) 

where C is an empirical constant. 

 

1.3.3 Space-charge field formation 

At some point the photogeneration and transport processes reach equilibrium and 

give a steady state of charge density and electric field. Several models were developed for 

the description of space-charge field formation. First we will discuss a simple band theory 

developed for inorganic crystals, often referred to as the Kukhtarev model59, and then the 

specific models developed for organics. It is important to analyze Kukhtarev’s model 

because it has a relative simple form, and it is often used to interpret PR data in organics. 

In addition, most of the models developed for organic materials can be considered as its 

extensions. 

Usually, holes are the higher mobility carriers in photorefractive materials, 

although in some photorefractive materials the carriers are electrons.60-62 For this reason, 

the Kukhtarev model for hole transport will be described (differences when electrons are 

considered are minimal, vide infra). In the model, an analytic form for the space-charge 

field is obtained by solving an appropriate set of electrodynamic and continuity equations. 

For the process to occur, the presence of a population of electron acceptors that provides 

holes to the transport process is necessary. By defining NA as the total acceptors 



Chapter 1                                      Photorefractivity: principles and requirements 

15 

concentration, -NA as the ionized acceptors concentration, +ND as the donors concentration 

and nH as the holes concentration, the rate equation for holes formation is expressed by: 

H A Hn N j

t t e

→
−

•∂ ∂ ∇
= −

∂ ∂
                                      (1.19) 

where Hj
→

 is  the hole current and e is the elementary charge. It is also possible to 

write the following equation: 

AHAA
A Nn)NN)()x(I(

t

N −−
−

γ−−β+ν=
∂

∂
                        (1.20) 

where ν and β are the photogeneration and thermal generation rates of holes, respectively, 

and γ is the recombination rate. In addition, the current due to holes is: 

H H H H Bj n e E T k nµ µ
→→ →

= − ∇                               (1.21) 

where µH is the hole mobility, E
→

 the electric field, T the temperature and kB the 

Boltzman constant. The electric field associated with the charge distribution can be 

expressed by Poisson’s equation:   

4 ( )DC H D AE n N N eε π
→

+ −
•∇ = + −                          (1.22) 

Expanding in series the unknown quantities nH, -NA, E
→

and
Hj

→
, it is possible to linearize 

the equation system and obtain the solution for the component of the electric field 

varying in space, E1: 

0Dq

qD0
1

iEEE

E)iEE(
mE

++

−
−=                                       (1.23) 

where ED and Eq are the so called diffusion and the trap limited fields, respectively:  

e

TKk
E B

D =             eff
DC

q N
K

e4
E

ε
π

=                             (1.24) 

where Λπ= /2K  is the grating vector and Neff an effective trap density. The phase φhole 

between the light pattern and the internal electric field Esc is: 
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)ERe(
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tan                    (1.25) 

The space-charge field Esc can then be expressed as: 



Chapter 1                                      Photorefractivity: principles and requirements 

16 

)Kxcos(EE hole1sc φ+=                                    (1.26) 

The same solution can be obtained in the case of electron transport, with the only 

difference in the sign of the imaginary part of Esc. This leaves unaltered the amplitude of 

Esc but the sign of the phase in Eq. (1.26) is opposite: φhole= -φelectrons.  

Models to analyze the specific properties of organic photorefractive materials have 

also been developed. Twarowski63 first introduced “organic features” within Kukhtarev 

model and took into account the electric field dependence of the photogeneration 

efficiency. Schildkraut and Buettner64,65 went a bit further because they also considered 

the rate equations of trap density in the system of PR dynamical equations and took into 

account the electric field dependence of both photogeneration efficiency and carrier 

mobility. The importance of this work lies in the presented evidence that the dynamics of 

the trapping-detrapping process must be taken into account in order to obtain a good 

agreement between theoretical and experimental data. Further studies were then 

developed by considering mostly the role of traps. Cui66 was able to study the dynamics 

of the space-charge field erasure by considering, in addition to the no traps and deep traps 

cases, other two different kinds of traps: optically active traps, from which the charges 

can be extracted by illumination, and shallow traps from which the charges can be 

thermally and optically removed.   

The PR model was further developed by Ostroverkhova and Singer67 who 

considered two kinds of traps, shallow and deep. In this study, the term “deep” meant that 

the rate of thermal detrapping for these traps was at least one order of magnitude smaller 

than that of the shallow traps, but still having a nonzero probability for detrapping. The 

main focus of this study was to develop an understanding of trapping and recombination 

processes as well as to determine various photoelectric rates from photocurrent dynamics 

to predict the time evolution of the space-charge field. The simulated results showed good 

agreement with experimental data for several PVK based materials. These studies also 

point out that the preillumination history of the sample plays an important role on 

photorefractive dynamic properties, as already experimentally observed in several 

systems 68-71. 

Although understanding of the photoconductive properties of PR organic materials 

has significantly improved over the past years, there are still a lot of open issues and some 

effects have not yet been considered in the models. For example, the effect of the contact 
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electrodes, the role of ionic and electronic dark currents and the effect of the non-uniform 

illumination across the sample due to absorption. 

 

1.3.4 Refractive index modulation 

The last step in PR grating formation is the refractive index change in response to 

the space-charge field. Depending on the material, an electric field can induce refractive 

index variations through several mechanisms which can roughly be classified in two 

different categories: non-linear optical effects (NLO) and orientational enhancement 

effects (OE). 

 

1.3.4.1 Non-linear optical materials 

The refractive index modulation can be achieved through the linear electro-optic 

effect (Pockels effect) and less frequently through the quadratic electro-optic effect (Kerr 

effect). It is possible to express the electric polarization P
→

 for linear media as72: 

P χ E
→ →

=                                                        (1.27) 

where χ is the electric susceptibility. In non-linear optical materials, the polarization is 

instead given by: 

(1) (2) (3)P E E E E E Eχ χ χ
→ → → → → → →

= + +  .....                                 (1.28) 

Since the intensity of light, in CGS units, is given by:  

cn

8
E2

0
π

=                                             (1.29) 

where c is the speed of light in vacuum, and considering the following relations: 

πχ+=ε 41                                             (1.30) 

ε=2n                                             (1.31) 

the refractive index is given by: 

I
cn

12
)x(E
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6
)x(E

n

4
nn

2
0

)3(
2

0

)3(

0

)2(

0

πχ
+

πχ
+

πχ
+=                        (1.32)   

where I is the light intensity. 

The above relation can be rewritten for convenience as: 

InEnEnnn 3
2

210 +++=                                 (1.33) 
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and the values of n1, n2 and n3 can be obtained by comparing Eq. (1.32) and (1.33). The n1 

term, proportional to the electro-optic tensor χ(2), describes the Pockels effect, while n2 

describes the quadratic or Kerr effect. The variation of the refractive index induced by the 

Pockels effect (∆n) can be deduced by using the following relations: 

sc
0

)2(

sc
0

)2(

000 E
n

4
E

n

4
nnnnn

πχ
−=

πχ
−−=−=∆                        (1.34) 

where it is clear that the variation of the refractive index is linear with the electric field. 

From Eq. (1.33) and (1.34) it is also evident that, for symmetry reasons, n1 must vanish in 

centrosymmetric materials while n2 may not. In anisotropic substances χ(2) is obviously a 

tensor and the observed ∆n can be related to the symmetry of the system. 

Pockels effect can be observed only in non-centrosymmetric materials. As 

amorphous materials are essentially centrosymmetric, in this case centrosymmetry can be 

removed by adding to the material particular molecules with high dipole moment, called 

chromophores, that can be oriented by an external electric field.  

 

1.3.4.2 Orientational enhancement effect 

The Pockels effect plays an important role to modulate the refractive index. 

However, some materials show an index modulation which is too high to be attributed to 

the Pockels effect by itself.41 A study by Moerner and co-workers revealed an additional 

mechanism participating in the PR grating formation in organic materials.41 The essence 

of this mechanism called “orientation enhancement” (OE) is that in a material with glass 

transition temperature (Tg) lower than or near the operating temperature, the NLO 

chromophores, which are necessary constituents of a PR polymer composite or glass, can 

be aligned not only by the externally applied electric field E0 but also in situ by the 

sinusoidally varying space-charge field Esc during grating formation. 

The OE effect is illustrated schematically in Fig. 1.6. When no electric field is 

applied to the sample, the molecules are randomly oriented (Fig. 1.6 (a)). As an external 

field E0 is applied to the sample, the molecules reorient and align along the electric field 

(Fig. 1.6 (b)). In the PR experiment, the interfering light beams 1 and 2 produce a 

sinusoidally varying space-charge field Esc by the mechanisms described in section 1.2. 

The uniform external field E0 will vectorially add to Esc to produce a total local field E. 

Because the NLO chromophores have orientational mobility which depends on their Tg 
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and on their molecular size, a spatially periodic orientational pattern is produced as the 

electric field orients the molecules by virtue of their ground-state dipole moment (µg). Fig. 

1.6 (c) illustrates the local order for the total field consisting of Esc + E0 (the order shown 

is exaggerated for illustration purposes). 

 

 

Fig. 1.6. Chromophore orientation in the electric field: (a) no electric field; (b) electric 

field E0 is applied; (c) spatially modulated space-charge field Esc is added to the applied 

field. 

 

In PR materials exhibiting the OE effect, it can be briefly summarized that the 

refractive index change (∆n) in response to the total electric field (E=Esc + E0) is a sum of 

the birefringent (∆nBR) and electro-optic (∆nEO) contributions (∆n =∆nBR + ∆nEO) given 

by 
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where N is the dipole concentration, f0 and f∞ are the local field factors, kB is the 

Boltzmann constant, T is the temperature, ∆α is the polarizability anisotropy, and β is the 

only nonvanishing component of the hyperpolarizability tensor βijk (in the case of an ideal 

molecule with cylindrical symmetry).   

Due to the importance of the OE effect, the design of chromophores for 

photorefractivity has diverged from the strategy of the early 1990s, in which only 

hyperpolarizability was emphasized. Thus, rather than seeking chromophores with large 

first hyperpolarizability, it is often more important to select chromophores with a large 

linear polarizability anisotropy. 

In overall PR performance, the OE effect leads to enhanced steady-state properties 

(larger gain and diffraction efficiencies than expected due to the simple electro-optic 

effect) as well as more complicated dynamics determined not only by the rate of 

space-charge field formation, but also by the ability of the NLO chromophores to 

dynamically orient during the grating formation. Therefore, an additional factor that could 

limit the speed of hologram growth, rotational mobility of the chromophores in the 

polymer composite, is introduced. Molecular orientation times can range from 

picoseconds (observed in liquids73) to extremely long times of years or more observed in 

permanently poled polymers,74 depending upon the viscosity of the material, the size of 

the chromophore, the presence of plasticizing agents, temperature relative to Tg, and 

other factors.75-79 

To summarize, space-charge field formation in PR organic materials is a 

complicated process that requires further theoretical modelling supported by experimental 

results. The OE effect brings the advantage of higher diffraction efficiencies and gain 

coefficients. However, because chromophore orientation does not proceed instantaneously, 

the analysis of the PR dynamics is challenging, especially when the rate of space-charge 

field formation is of the same order of magnitude as the reorientation speed. To assess the 

factors that limit PR speed in every material, it may be helpful to separately measure the 

orientational mobility. 
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Chapter 2 

 

PHOTOREFRACTIVE POLYMERS 

 

2.1 Introduction    

Since the photorefractive (PR) effect was first observed in 19661 in an inorganic 

crystal of LiNbO3, more and more inorganic crystals such as BaTiO3, KNbO3 and GaAs 

have been found to exhibit PR properties. However, the difficulty in crystal growing and 

sample preparation have limited the applications of inorganic PR crystals. Compared to 

inorganic PR crystals, organic materials are superior due to their versatility, lower cost 

and easier fabrication, and they are becoming promising candidates for PR applications.2 

Within organic photorefractive materials, polymers are among the most studied because 

of their low cost, ease of material processing, high electro-optic coefficients accompanied 

by low dc dielectric constants, ease of doping and tailorable properties.3 The first 

observation of the photorefractive effect in a polymer was carried out in 1991 in a 

co-polymer of methylmethacrylate (PMMAPNA) doped with diethylamino-benzaldehyde 

diphenylhydrazone (DEH) which acted as the transport agent.4 The grating in the 

composite was built up in about one second with a diffraction efficiency of the order of 

10-5. Ever since then, this new phenomenon prompted an enormous development in 

photorefractive polymers.  

As we will see in the following, there are some important functional components 

relevant to photorefractivity, such as sensitizers, photoconductors, chromophores, 

plasticizers, etc.  In addition, we will discuss how photorefractive polymers can be 

classified either into guest-host polymer composites5,6 and fully functionalized 

polymers7,8, or into low Tg and high Tg PR polymers, on the basis of their glass transition 

temperature. 

 

2.2 Key components relevant to PR polymers  

 

2.2.1 Sensitizers 

The sensitizer is usually added to the PR materials to assist in charge 

photogeneration. The properties of the sensitizer are very important for overall PR 
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performance, because the sensitizer determines the spectral response9 of the PR 

composites and an efficient charge transfer between the sensitizer and the charge 

transporting matrix is necessary for good PR performance.10 In addition, the PR speed 

may depend strongly on the photogeneration efficiency, therefore, optimization of the 

sensitizer is important for improving dynamic performance. Moreover, the sensitizer 

plays a major role in the steady-state properties of a PR material as it may also be linked 

to charge trapping, one of the crucial processes in PR grating formation.11 To choose a 

sensitizer, wavelength sensitivity is important, and matching with the transport molecules 

should be considered. There are several classes of sensitizers. For example, 

semiconductor nanoparticles (NPs), including CdSe12-16, CdS17,18, LiNbO3
19, PbS20,21, 

PbSe22, Cu2S
23, HgS24 and CdSe/ZnS25,26 have been utilized as sensitizers in PR polymers, 

and organic molecules and pigments have been utilized as sensitizers in organic 

photoconductors, including phthalocyanines, squaraines, perylene dyes and thiapyrylium 

salts. There are also some new approaches, such as incorporating various transition metal 

complexes into fully functionalized polymers and glasses,7,27-29 and exploring 

semiconductor quantum dots like CdS and CdSe as sensitizers in hybrid organic-inorganic 

composites.30-35 The most successful class of sensitizers are the charge transfer (CT) 

complexes formed between a donor-like and an acceptor-like molecule or moiety. The 

interaction between the donor D and the acceptor A leads to a new absorption band that 

does not appear in the spectrum of either component alone. Hence, spectral sensitivity in 

the visible and the near-infrared part of the spectrum can be achieved with CT complexes. 

Thus far, C60, TNF and TNFM are the most commonly used sensitizers that readily form 

CT complexes with donor-like molecules.11 

Usually, an addition of up to 1% of a sensitizer leads to a significant improvement 

of both PR dynamics and steady-state properties. However, an excess of sensitizer may be 

detrimental to performance. For example, in a PVK-based material, it was observed36 that 

as the concentration of the sensitizer (in this case TNFM) increased above 1.5%, the 

refractive index modulation decreased and the build-up time increased due to an 

excessively high trap density. In addition, an increased concentration of the sensitizer 

leads to an undesirable increase in absorption, thus an optimal concentration of commonly 

used sensitizers is below or around 1%.11 
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Table 2.1 Chemical structures of common PR sensitizers, photoconducting polymers, 

plasticizers, and chromophores (from reference 11). 
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2.2.2 Charge transporting moieties 

As we discussed in section 1.2, the charge transporting properties of a given 

photorefractive material are important since they control the build-up of the internal 

space-charge field that is responsible for the refractive index modulation through the 

electro-optic effect. There are several types of charge transporting moieties that have been 

utilized in PR materials such as charge transporting polymers (e.g., PVK, PSX, 

PPV),34,37-41 inert polymer hosts (e.g., PS, PC, polysiloxane) doped with charge 

transporting molecules,29,42-45 photoconductive low molecular weight glasses, etc. 

Although several electron-transporting and bipolar organic materials have been explored, 

most photoconductors currently used in PR composites are unipolar (hole) conductors.11  

Over the past years, the host polymer PVK, characterized by carrier mobilities µ ~ 

10-8-10-6 cm2/Vs (depending on electric field),46 was the most widely utilized in PR 

polymer composites. The charge transporting property of PVK is based on carbazole 

group. As one of the most important fundamental structures in the field of organic 

electrical and optical materials,47 carbazole compounds attract wide interest due to their 

applications in areas such as xerography, optical data storage and information processing 

in organic PR devices.4,34,40,48-53 Carbazole-based compounds are attractive as 

photoconductors or charge-transporting materials for the following reasons:54  

-Carbazolyl groups easily form relatively stable radical cations (holes), 

-Some carbazole-containing compounds exhibit relatively high charge carrier 

mobilities, 

-Different substituents can be easily introduced into the carbazole ring, 

-Carbazole-containing compounds exhibit high thermal and photochemical 

stability, 

-Carbazole is an inexpensive raw material readily available from coal-tar 

distillation. 

Carbazole photoconductivity is based on the easy oxidability of the nitrogen atom 

and its ability to transport positive charge centers via the radical cation species.55 The 

charge carrier transport process is schematically described in Fig. 2.1.  
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Fig. 2.1. Principles of charge carrier transport. 

 

2.2.3 Chromophores 

The NLO chromophore in PR polymer composites is mainly used to provide a 

functionality leading to a refractive index modulation in response to an electric field. As 

discussed in section 1.3.4.2 on the Orientational Enhancement Effect, several molecular 

parameters such as ground-state dipole moment (µg), polarizability anisotropy (∆α), and 

the first hyperpolarizability (β) are of importance for the electric field-induced refractive 

index change. It was shown that a certain combination of these parameters, or 

chromophore figure-of merit (FOM), adequately describes the electro-optic nonlinearity 

important for the PR performance.56-58 The FOM is defined as:59  

S1 

S2 

S3 

S4 
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where M is the molar mass, kB is the Boltzmann constant, and T is the temperature. 

The most successful NLO chromophores utilized in PR polymer composites58 are 

azo dyes (e.g., DMNPAA), oxopyridone derivatives (e.g., ATOP-3), dicyanostyrene 

derivatives (e.g., AODCST), dicyanomethylenedihydrofuran derivatives (e.g., DCDHF-6), 

pyridone derivatives (e.g., 2BNCM), rigidized polyene derivatives (e.g., DHADC-MPN), 

etc. In addition to the NLO properties, many chromophores also exhibit 

charge-transporting properties, such as DHADC-MPN, DCDHF-6, etc.  

 

Fig. 2.2 Chemical structure of 2BNCM. 

 

The NLO chromophores also have other various additional properties that need to 

be taken into account for the PR performance. For example, although a high concentration 

of NLO chromophores is desirable to maximize electric field-induced birefringence, an 

excess of chromophores can cause PR composites to undergo phase separation, which 

affects optical clarity and reduces the shelf life of the PR device.60-62 Furthermore, in PR 

composites with high chromophore concentration, dimer and aggregate formation, which 

may influence the electro-optic response, has been demonstrated by spectroscopic 

evidences.63,64 Moreover, highly polar chromophore that possess high FOM may reduce 

the charge carrier mobility in the composite.65 Finally, the chromophore ionization 

potential (Ip) needs to be optimized with respet to that of the sensitizer and charge 

transport molecule because chromophores can participate in photogeneration, transport, 

and trapping processes.66-69 As a result, the PR performance is highly influenced by 

relative Ip values of all constituents of the composites. 

 

2.2.4 Plasticizers 

Plasticizers are commonly added to a PR composite to lower the Tg and increase 

the polymer’s flexibility, thus enhancing the OE effect, i.e., chromophore reorientation by 
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the space-charge field. The addition of a plasticizer generally causes a reduction in the 

cohesive intermolecular forces along the polymer chains. The chains can then move more 

freely relative to one another, and the stiffness of the polymer is reduced. There are two 

primary means of plasticization: internal and external. Internal plasticization involves the 

chemical alteration of a polymer or its monomer. This can be done either by random 

copolymerization or side chain grafting. The former tends to increase the flexibility by 

randomizing local environments: a more ordered copolymerization would imbue a higher 

degree of crystallinity thereby giving the opposite effect. The latter reduces crystallinity 

by disrupting interactions between the chains. The external plasticization is what we 

normally think of when we talk about a plasticized polymer, and involves the addition of 

an organic chemical during compounding (after polymerization). This chemical interacts 

with the polymer only physically, via its solvent capabilities. This type of plasticization is 

usually performed at elevated temperatures.  

Plasticizers are usually inert organic materials with high boiling points and low 

vapor pressures. Although the inert plasticizer is more effective in lowering the Tg, it also 

dilutes the charge transporting moieties and at concentrations above 10% lowers mobility 

and reduces the PR phase shift. Functional plasticizers which have a direct functionality 

contributing to the PR performance are attractive.11 For example, ECZ can act as both a 

plasticizer and a charge transporting molecule, and a tricyanopyrroline (TCP)-based NLO 

chromophore has demonstrated an important role in controlling Tg and NLO activity in 

the near-infrared (NIR) range.70 Some commonly used plasticizers are shown in Table 

2.1. 

 

2.3 Guest-host polymers 

Guest-host polymers are made by mixing low molecular weight molecules with 

the desired properties into a polymer matrix. This so-called guest-host approach provides 

enormous possibilities to obtain a PR polymer. In the guest-host composites, part of the 

functionalities are provided by one or more dopants and the polymeric chain can either be 

an inert matrix or provide some functions, such as carrier transport. The main advantage 

of this approach is the possibility to easily explore the influence of different dopants 

without complicated and time-consuming synthetic procedures. The choice of the host 

polymer as an inert matrix without any functionality is usually less favourable, because a 
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major part of the material would be inactive. Therefore, in most cases the host polymers 

provide some functionalities, for example, photoconductivity and EO properties. A typical 

guest-host PR material consists of 40-60 wt% of a photoconductor, 25-35 wt% of 

non-linear chromophores, 15-30 wt% of a plasticizer which is necessary in order to 

decrease the Tg of the material and allow chromophore reorientation and 1% or less of a 

photosensitizer. 11 

 

 

Fig. 2.3. Chemical structures of molecules in the guest-host PR polymers. 

 

The first observation of PR properties in a guest-host polymer appeared in 199371 

in a system consisting of a well-known photoconductive polymer poly(N-vinylcarbazole) 

(PVK), doped with a nonlinear optical (NLO) chromophore named as 3-fluoro-4-N, 

N-diethylamino-β-nitrostyrene (FDEANST). In this polymer a diffraction efficiency of 

1% could be measured in 125-µm-thick films at an applied field of 40V/µm and a grating 

growth time of 100 ms for a writing intensity of 1 W/cm2. Compared to previous 

materials, the improvement in diffraction efficiency was two orders of magnitude. The 

photorefractive effect was confirmed by asymmetric two-beam coupling experiments and, 

for the first time, it was observed in a polymer that the PR gain exceeded the absorption 

coefficient of the sample. After a few months, a new polymer was reported which was 

based on the PVK:TNF charge-transfer complex but doped with the chromophore 

2,5-dimethyl-4-(p-phenylazo)anisole (DMNPAA) with higher doping level and also 

doped with a photoconducting plasticizer (N-ethylcarbazole) in order to facilitate the 

poling process at room temperature.72 In these samples, a diffraction efficiency close to 

the maximum value of 100% at an applied field of 61 V/µm was reported73 and a net 

two-beam coupling gain coefficient of more than 200 cm-1 was observed at 90 V/µm. This 

value is very high compared with the gain coefficient of BaTiO3 which is of the order of 
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30 cm-1. These high values were very encouraging for the development of guest-host 

polymers and, since then, several other polymeric matrices have been used to obtain 

materials with high diffraction efficiency. 37,38,42,74,75 

One important isue is that guest-host polymeric materials have been used not only 

in the visible region, but also in the near IR with the help of some sensitizers such as 

TNFM. For example, the composite PVK/DHADC-MPN/ECZ/TNFM showed at 830 nm 

an external diffraction efficiency η = 74% at E = 59 V/µm.23 This expansion of the 

wavelength spectrum between 700 and 900 nm is very important because such spectral 

range is technologically interesting: biological tissues are not absorbing in this range and 

these materials are promising for bio-imaging applications.66,76 

Although there are many advantages of guest-host photorefractive composites, 

they often exhibit problems related to phase separation, associated with thermodynamic 

instability. The dopants, which are usually small molecules, tend to crystallize or 

aggregate because of their incompatibility with macromolecules. These aggregates may 

cause severe optical scattering and may completely ruin the optical properties of the 

composites.77 

 

2.4 Fully functionalized polymers 

Considering the disadvantages of guest-host photorefractive composites, fully 

functionalized polymers, which incorporate all necessary functional species covalently 

within a single polymer in the backbone or side-chains, have attracted attention because 

they eliminate the problems of phase separation and crystallization and therefore could 

lead to a better thermal stability and longer shelf life for potential devices.11 The first fully 

functionalized photorefractive polymer was reported in 1992. It consisted of a 

multifunctional polyurethane upon which charge generator, charge transporter, and NLO 

moieties were incorporated as side chains.78 Although the 2BC gain coefficient of this 

material was only 2.3 cm-1, it was encouraging and much progress have been made in the 

development of high-performance fully functionalized PR polymers.27,43,79-86 The first 

fully functionalized PR polymer showing good net gain efficiency was the prepoled 

conjugated polymer containing Ru photogenerator complexes that was introduced into the 

polymer backbone, as shown in Fig. 2.4 (a). In this polymer a gain coefficient Γ = 200 

cm-1 was obtained, but the response time was long, on the order of several hundreds of 

seconds.28 Soon after, a very good improvement in response time was achieved in 
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oligothiophenes87 with covalently attached chromophores and the response time was 

about 40 ms. Polymethacrylates with attached charge transporting carbazole and NLO 

moieties (e.g., Fig. 2.4 (b), P6), sensitized with 1% TNFM, exhibited 100% internal 

diffraction efficiencies.82  

 

 

Fig. 2.4. (a) Fully functionalized PR polymer containing ruthenium complex (Ru-FFP). (b) 

Fully functionalized PR polymethacrylate (P6). 

 

2.5 Low Tg and high Tg PR polymers 

Based on the glass transition temperature, the PR polymers can also be classified 

into low Tg and high Tg PR polymers. 

 

2.5.1 Low Tg PR polymers 

Low Tg PR polymers are the PR polymers which have a glass transition 

temperature Tg lower or close to the operating temperature, usually room temperature 

(RT). Low Tg PR polymers consists mainly of guest-host type polymers. Because of the 

P6 
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low Tg, the orientation of the chromophores can be achieved when an electic field is 

applied without previously heating the polymer. The electric field orientation at RT has 

important consequences on the properties of such polymers, since the poling field is no 

longer the external field but the total electric field, namely the superposition88 of the 

external field and the internal photogenerated space-charge field, a spatially modulated 

field. The spatially modulated field will reorient the chromophores and induce a spatially 

modulated birefringence. This effect is of paramount importance since it can lead to high 

refractive index modulation. In this case, the refractive index modulation has two 

contributions: the electro-optic and the birefringence contributions. Moreover, the 

electro-optic effect is enhanced. Hence, low Tg polymers usually have very good PR 

performance. The main problems of low Tg PR polymers are mechanical and chemical 

instabilities, which will cause problems such as phase separation and crystallization, as 

we mentioned for guest-host PR polymers. 

 

2.5.2 High Tg PR polymers 

High Tg PR polymers have a glass transition temperature much higher than RT. In 

this case, in order to obtain macroscopic second-order nonlinear properties, orientational 

order of the chromophores is induced during the so-called prepoling process, which is 

needed in order to break the centrosymmetry of the bulk material.89 In the prepoling 

process, the polymer sample is first heated above Tg, then an electric field is applied to 

induce chromophore reorientation, and finally the polymer is cooled down to RT with the 

electric field still on. Because of their high Tg, the polymers are stable at RT. Compared 

with low Tg PR polymers, high Tg PR polymers do not show phase separation or 

crystallization on long time-scales.90 However, for the same reason the chromophores 

cannot move freely at RT, so that no birefringence contribution is present and hence high 

Tg polymers usually exhibit lower refractive index modulation and worse PR 

performance. 
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Chapter 3 

 

AZO-POLYMERS:     

 

LGHT-INDUCED EFFECTS AND APPLICATIONS 
 

Azo polymers include a -N=N- group within their structure, and can be broadly 

classified as main-chain or side-chain azo polymers. A wide variety of properties of azo 

dyes have been studied since their discovery in 1863, and numerous applications have 

been developed after their initial use as coloring agents1, including those based on 

non-linear optical behaviour, light-induced dichroism and birefringence. The combination 

of the different properties of azo polymers offers the possibility for multifunctional 

materials with practical use in electro optics, image recording and more.1,2 All the 

properties and applications are based on the photoisomerization of the azo-aromatic 

moiety. 

 

3.1 Brief history of azobenzene 

Since the discovery of the first azo-dye by Martius in 1863,3 azo and its 

derivatives were mainly used as dyes, because various colors could be obtained by 

appropriate substitution on the aromatic rings.4 In 1957, a polarized light-induced change 

in a physical property of an azo aromatic compound was first mentioned in the literature.5 

Soon after Neporent et al. found that a viscous solution became dichroic under polarized 

light, and the photoinduced dichroism could be stable for about one week. 6,7 In their 

explanation, the photo-absorbing molecules rotated to a preferred direction. Makushenko 

et al. begun to associate this rotation with the photoinduced isomerization of azobenzene 

just a few years later.8,9 Research didn’t progress until the first optical application in 

holography by Todorov, Nikolova, and Tomova in 1983-1984. They used a solid solution 

of 0.06% methyl orange in poly(vinyl alcohol), in which the photoinduced dichroism and 

birerfringence was produced by the photoisomerization of azobenzene under polarized 

laser illumination, orienting the chromophore perpendicularly to the laser polarization.10 

Around 1987, the same phenomenon was observed in liquid crystalline polymers 

containing azobenzene groups.11,12  At about the same time, Ichimura proposed the 

“command surfaces” concept, where a liquid crystalline Langmuir-Blodgett film, acting 

as “soldiers”, aligns with the isomerization of azobenzene, acting as a “commander” 
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under illumination. From 1991 on, this research field developed rapidly, with hundreds of 

publications each year and the discovery of many exciting new phenomena, such as the 

photoinduced orientation in azopolymers,1,13, the photoalignment in LC polymers,14,15 

photoinduced chirality and switching2, surface relief gratings and nonlinear optical 

effects.2,13,16,17 

 

3.2 Isomerization of the azo-aromatic group 

A chromophore is the part of a molecule which accounts for its absorption of light 

and its photochemical activity. The absorption of a particular chromophore depends on 

the type of transition involved in that particular excitation. The promotion of an electron 

from a π-bonding molecular orbital to a π-antibonding orbital is referred to as a π,π* 

transition, and the excited state is symbolized as (π,π*). Promotion of an electron from a 

nonbonding molecular orbital to a π-antibonding orbital is referred to as an n,π* transition 

and symbolized as (n,π*). The relative energies of molecular orbitals and the transitions 

are shown in Fig. 3.1. Because nonbonding molecular orbitals lie at higher energy than 

bonding ones, n,π* transitions are of lower energy than the corresponding π,π* transitions. 

Both n,π* and π,π* transitions are usually found in the ultraviolet region of the 

electromagnetic spectrum. It is well-known that the azo aromatic group can exist in two 

configurations, the trans or “E” form and the cis or “Z” form, as illustrated in Fig. 3.2. 

Either of the two forms can transfer to the other one by the isomerization process, which 

is induced by the electronic excitation of an electron from either the highest occupied 

nonbonding orbital (n) or the highest occupied π orbital to the lowest unoccupied π 

orbital (π*). Generally, the trans form has lower energy and is more stable than the cis 

form. In the case of azobenzene, the energy difference between the ground state of the 

trans and cis isomers is about 50 kJ/mol.18 When exposed to light with wavelength within 

its absorption band, the stable trans form can be transformed into the cis form, while the 

reverse can be either a thermal and/or a photochemical process. This phenomenon was 

first studied with azo dye molecules in solution or dispersed in a variety of polymers.19 

The mechanism for the trans-cis isomerization has been investigated since the 

early 1950s.18 It was first suggested that the isomerization acts via rotation of the -N=N- 

bond. An alternative mechanism was later proposed, namely that the isomerization acted 

via the inversion of one or both of the nitrogens through a linear sp-hybridized transition 
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state with the double bond retained (Fig.3.2). The inversion mechanism was generally 

accepted to be involved in the thermal isomerization of azo aromatic groups, while both 

mechanisms are possible in the photochemical isomerization process. The controversy 

between the rotation and inversion mechanisms is still continuing and further experiments 

and calculations are being carried out in this area to better understand the mechanism of 

the isomerization process.1 

 

n

π*

π
E=0 n

π*

π

E (n,π*) (π,π*)

     
Fig. 3.1. Relative energies of molecular orbitals in azo compounds. 
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inversion rotation

 
 

Fig. 3.2. Trans-cis isomerization of azobenzene. 

 

3.3 Three classes of azo compounds    

Based on the relative energetic order of the (n,π*) and (π,π*) states, azo 

compounds can be classified into three classes: the azobenzene type molecules, the 

aminoazobenzene type molecules, and the pseudo-stilbenes type molecules,18 as shown in 

Fig. 3.3. The azobenzene type molecules have a low-intensity n-π* band in the visible 

region of the spectrum and a high intensity π-π* band in the UV, hence they can be 

characterized spectroscopically. For this type of molecule, because of the relatively slow 

cis-to trans thermal isomerization, it is possible to isolate the cis isomer. 
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Aminoazobenzene type molecules are characterized spectroscopically according to a 

close proximity of n-π* and π-π* bands. Pseudo-stilbene type molecules have a long 

wavelength π-π* band and the sequence of (n,π*) and (π,π*) states is reversed on the 

energy scale, as in stilbene. At room temperature, the aminoazobenzene and 

pseudo-stilbene type molecules with pull/push substituents can isomerize back very 

quickly, usually in times of the order of several milliseconds. These differences in the 

kinetics of cis-to-trans thermal isomerization of different azo groups are very important, 

and they are critical for the interpretation of the properties and the design of azo 

polymers.  

 

Fig. 3.3. Examples of azomolecules classified as (a) azobenzenes, (b) aminoazobenzenes, 

and (c) pseudo-stilbenes. 

 

3.4 Photo-induced motions in azo-polymers 

Because of the photoisomerization, a series of motions of the chromophores will 

occur in azo-polymers under illumination. Furthermore, nonbound azobenzenes can 

possibly affect their surrounding environment if they are dissolved in a polymer matrix. 

Roughly speaking, there are three levels of motions, as illustrated in Fig. 3.4. 

The first level is the chromophore motion at the molecular scale. Azobenzenes 

preferentially absorb light polarized along their transition dipole axis. For 

trans-azobenzenes, the transition dipole moment is approximately parallel to the 

molecular long axis; thereby the trans-azobenzenes show angular-dependent absorption of 
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Light polarization

 

Fig. 3.4 Illustration of the three levels of photo induced motions related to azo 

isomerization. 

 

 

(a) 

 

(b) 

Fig. 3.5. Photoorientation of azobenzene chromophores. (a) The chromophores aligned 

along the light polarization direction absorb, isomerize, and reorient, while the 

perpendicularly aligned chormophores cannot absorb and remain fixed. (b) Irradiation of 

an isotropic samples leads to accumulation of chromophores in the perpendicular 

direction. 

 
 
linearly polarized light. The probability of absorption varies as cos2φ, where φ is the angle 

between the light polarization and the dipole moment. Thus, trans-azobenzene molecules 

with their transition moments parallel to the polarization direction of linearly polarized 
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light are activated very effectively to their excited states, followed by trans-cis 

isomerization, while molecules with their transition moments perpendicular to the 

polarization direction of light are inactive towards isomerization. For a given initial 

angular distribution of azobenzene chromophores, many will absorb, convert into the cis 

form and then revert to the trans form with a new random direction, as shown in Fig. 3.5 

(a). Those chromophores that fall perpendicular to the light polarization will no longer 

isomerize and reorient. After repetition of trans-cis-trans isomerization cycles, there will 

be a higher population of azobenzene molecules aligned perpendicularly to the light 

polarization,20,21 as shown in Fig. 3.5 (b). The reorientation process gives rise to strong 

birefringence. 

The second level of motion occurs roughly at the nanoscale level, and it requires 

the chromophores to be bound to the polymer matrix or to be involved in a tightly 

orgainzed structure, such as liquid crystalline, Langmuir-Blodgett or monolayer film. 

Usually some degree of intrinsic order of the matrix, which can be liquid crystalline, or 

semicrystalline, is also required. In an ordered structure, the first type of motion will be 

hindered because of the counteraction of the intrinsic order. However, the driving force to 

select the direction perpendicular to the light polarization is very strong because of the 

high quantum yield for photoisomerization, and the whole liquid crystalline or crystalline 

domains will eventually reorient towards a direction perpendicular to the light 

polarization. This is a cooperative motion and is very common in ordered materials. 

Although the order parameter within each domain is not changed, an overall orientation 

of the whole domain occurs, so that a very strong orientation, much stronger than in 

amorphous polymers, is created. Compared with the first level motion, the amount of 

moved material is larger. After illumination, the domain size will probably vary along 

with the thermal history, but usually it will be still at a nanoscale level. 

 Finally, the third level of motion, which can be called macroscopic motion, is at 

an even larger scale. The chromophore is also required to be bound to the polymer, and it 

drives massive motion of the polymer material by driving forces from pressure gradients 

created by interfering light and unequal isomerization patterns, or the electric field of the 

light, depending on which level the mechanism is looked at. This level of motion can 

produce patterns so big that they have depth and spacing at the micrometer scale on the 

film surface and are visible with the naked eye. This was an extremely unexpected finding 

and generated a huge literature after 1995.2 One important application of this massive 
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motion is to induce surface relief gratings in azo polymers. 

 

3.5 Azo group binding, local free volume and polymer matrix. 

Many types of azo-chromophores have been introduced into polymer structures in 

order to induce some special properties, such as photoinduced birefringence. The azo 

chromophore can be part of the main chain or in side chains. The spacer length has 

influence on the photoinduced motion. Usually, the shorter it is, the more restricted is the 

chromophore motion, making it harder to get photoinduced birefringence. However, this 

will improve the stability of the photoinduced orientation.2 

In azo polymers, it is generally recognized that a minimum, critical size of the 

local free volume in the neighborhood of the chromophore must be satisfied for almost 

any isomerization. In the case of the inversion mechanism, a free volume of 0.12 nm3 is 

estimated to be necessary for the isomerization of azobenzene in polymers.22,23 Thus, 

photochemical and thermal isomerization of the azo dyes with different sizes are valuable 

in the study of the free volume and of the morphology of polymers.24,25 The size of the 

azo dyes, the temperature, and other factors also play important roles for the quantum 

yield of the trans to cis isomerization. It was also suggested in earlier studies that an 

additional energy for the rearrangement of the polymer conformations was involved in the 

isomerization process.22,26 

The polymer matrix also plays an important role for its power to enable or restrict 

the motion of the chromophore. For example, binding a tethered azobenzene moiety to a 

very high Tg polyimide not only allows photoorientation and photoassisted poling at 

room temperature (which is at least 190 ℃ below Tg), but also improves much of the 

photoinduced orientation even at very high temperature, as long as the temperature is 

below Tg.27,28 Some other unusual polymer matrices have also been proposed. For 

example, the synthesis of sol-gel preparation of organic-inorganic hybrid materials is 

possible by attaching a triethoxysilane group to the chromophore. 29,30 The azo oxides can 

show photoinduced birefringence and their stability is significantly increased due to the 

tridimensional structure of the gels.29 Birefringence can also be induced in 

nanocomposites of azobenzene and molecular sieves.31 Another tridimensional structure 

that can be subjected to photoorientation is purely organic and based on azo-substituted 

melamine monomers and resins.32 Cross-linking is also very useful to improve the 
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stability of the photoinduced orientation.33 

 

3.6 Experimental methods for the photoorientation investigation 

There are many methods to investigate the photoorientation of azo groups. 

Besides the optical methods which can measure photoinduced birefringence on irradiated 

spots or diffraction grating efficiency on photoinduced gratings, spectral methods can also 

provide information on the motion of chromophores. The first and most used method is 

electronic dichroism (UV-vis spectra and their angular distribution), which can be used to 

investigate the chromophores distribution and its variations upon irradiation. In addition, 

there are many other spectroscopic methods which can offer insights into this kind of 

motion. For example, dielectric relaxation spectroscopy is especially useful for liquid 

crystalline polymer samples.34 In chromophores aligned in an electric field, it measures 

their behavior upon electric field variations. Alternatively, the homeotropic alignment 

perpendicular to the electrodes used in the dielectric setup can be obtained by light 

illumination, and the behavior of samples aligned by electric field and light can be 

compared. These measurements are very valuable, because the frequency and the 

temperature can be changed. The method has been applied to many materials, such as 

amorphous azo copolymers35 and solid solutions of small azo dyes,36 and to pinpoint 

cooperative motions in liquid crystalline azo oligomers.37 

To this date, the most popular and informative spectral method to analyze the 

photoinduced motion is FTIR.2 The best procedure is to reduce the intensity of irradiation, 

thus to slow the photoinduced motion and to follow in situ the changes of the FTIR 

spectra. It is necessary to perform polarized FTIR analysis, because the absorbance band 

will change in intensity only for the directions parallel or perpendicular to the polarization 

of the pump light. A better way to use polarized FTIR is to modulate its polarization. Pé

zolet et al.38 have demonstrated the polarization modulation infrared dichroism spectra 

(PM-IRDC) as a method to monitor in situ the photoinduced motions of the azo 

chromophores and of a variety of other groups present in the structure of the material. 

This method can also be used to obtain the order parameter, analyze the kinetic model of 

changes induced by light, model the overall distribution of the chromophores at the end of 

each process,39 and model various matrix-chromophore and chromophore-chromophore 

interations.40 

In addition, Resonance Raman measurements can also provide useful information 
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on the photoinduced motions,41 although the most intense area of study was the 

investigation of macroscopic motion, producing surface relief gratings. 
 

3.7 Properties and applications of azopolymers 

Polymers containing azo aromatic groups have received tremendous attention 

because of many special properties. Apart from the good mechanical and thermal 

properties and low flammability,41 some other features such as liquid-crystalline 

properties, nonlinear optical properties, photochromism and optical dichroism are gaining 

importance and have many potential applications as a consequence of the mentioned three 

types of photoinduced motions.2  

 

3.7.1 Applications based on motions at the molecular level 

Considering motions at the molecular level, the most obvious and most mentioned 

application is in digital optical storage. The phenomenon is reversible and repeatable for 

tens and even hundreds of thousands of times, especially for amorphous materials. 

However, the time to write and erase the information is usually of the order of 

milliseconds, and it is relatively slow. It is better to inscribe as much information as 

possible at the same time by holographic procedures, thus to decrease the time for a given 

amount of information. For high Tg liquid crystalline polymers, where the process occurs 

only in the amorphous phase, gray levels are possible because of the high photoinduced 

birefringence.42 This property has been applied in rewritable optical disk systems.43 Azo 

polymers can also be used to make polarization separators44 by inscribing polarization 

holograms.45,46 The device can diffract right circularly polarized light in one direction and 

left circularly polarized light in the other direction. Not only a single point or a 

holographic grating, but also a line can be inscribed on an azopolymer film and thus it can 

act as a waveguide45 and make it possible to fabricate a whole “photonic printed circuit” 

on a simple polymer film.47 In polyurethanes and urethane-urea copolymers, channel 

waveguides can be obtained by a photobleaching reaction following the photoinduced 

refractive index change. Apart from the memory application, the holograms obtained by 

interference of laser beams on azo-doped PMMA have been used for optical processing, 

such as edge enhancement of various objects, and even moving objects.48 Azo dyes can 

also be used to produce high-speed reversible and bistable optical switching in complex 
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systems based on liquid crystals.49 Taking advantage of the NLO properties of the azo 

chromophore, photorefractive properties have been demonstrated by combing the azo 

chromophore with photoconductive moieties such as carbazole, and this will be discussed 

later. 

 

3.7.2 Applications based on motions at the domain level 

  1) Photoinduced liquid crystalline phase transitions 

As shown in Fig. 3.2, the trans(E) configuration of the azo aromatic group has a 

rodlike shape and the cis(Z) configuration has a bent shape, which can provide a powerful 

mesogenic structure (when in the E configuration) and an effective liquid crystalline 

phase disruptor (when in the Z configuration). Thus, the change in geometry associated 

with the trans-cis photoisomerization can act as a trigger to either disrupt an ordered 

phase or to restore or produce an ordered arrangement.2 In the first reported example a 

relatively low amount (1%) of azobenzenes was added to liquid crystals to induce the 

nematic-isotropic transition under illumination, at temperatures just below the normal 

transition temperature. The liquid crystalline phase can be disrupted by even tiny amounts 

of azobenzene, due to the shape change from mesogenic (trans) to bent (cis).50,51 This 

phenomenon is called light-induced isotropization or isothermal phase transition.  

  2) Helical structure of macromolecules 

In a helical structure, the azobenzene group may affect the supramolecular helical 

arrangement in many ways, by the photoisomerization effect. The first example was 

published in 1971,52 in which the pitch of a cholesteric liquid crystal was changed by 

photoisomerization of added azobenzene. This process was accompanied by a color 

change and hence led to a very interesting and useful reversible photochromism. The 

change in pitch and color can translate into a change in transmittance at a certain 

wavelength, thus allowing a very elegant and efficient all-optical switch device.53 

Temperature is also very important for the pitch (color) change. For example, in a 

non-polymer system, it was demonstrated that the color change took place above 87 ℃ 

and then was fixed by rapid cooling.54 The azobenzene moiety can also be used to induce 

a chirality transfer from the matrix to the aggregated dye by incorporating it into a chiral 

diblock copolymer.55 The photoisomerization can also change the helicity of the main 

chain of helical polypeptides containing azobenzene groups in the side chain.56 Helical 
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structures or otherwise organized supramolecular structures are not restricted to 

polypeptides, and azobenzene has been incorporated into many other polymers to 

phototrigger the supramolecular organization. 

There are also many other application based on motions at the domain level. For 

example, a) to induce chirality in a structure in which no helical structure was initially 

present. The proposed mechanism is that the circular momentum transfers from the 

circularly polarized light to the azobenzene chromophore and was studied deeply by 

Nikolova et al.57 The most interesting and intriguing phenomenon is that the left circularly 

polarized light can induce a left-hand supramolecular helix, and the subsequent irradiation 

with right circularly polarized light will first destroy the left-hand supramolecular 

arrangement, and then create a right-hand supramolecular helix.2 b) to orient liquid 

crystals by photoisomerization of azo based compounds, considering the intrinsic 

thermodynamic tendency of liquid crystals to orient along a preferred director. The 

orientation process is shown in Fig. 3.6.  

 

LCAZO

Isotropic phase
Irradiation with 
 polarized light

Light polarization

Cooling to the 
nematic phase 
under irradiation

 

Fig. 3.6. Induction of long-range liquid crystal orientation in the nematic phase due to azo 

photoisomerization. 

 

3.7.3 Applications based on massive macroscopic motions 

Surface relief grating (SRG) can be produced on azo polymer films when they are 

irradiated for a period of time longer than that required for photoinduced orientation. One 

typical experimental set-up for SRG inscription is shown in Fig. 3.7 and an atomic force 

microscope surface profile of an optically inscribed SRG is shown in Fig. 3.8. The grating 

depths depend on the illumination power and light polarization and may approach the 

scale of hundreds of nanometers.58 More than one SRG can be induced by consecutive 
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irradiation with different polarizations, because the inscription of subsequent SRG will 

not erase the first ones, as shown in Fig. 3.9. It was reported that eight holograms were 

inscribed on a single spot,59 but this is obviously not the limit. The SRG inscription on 

azo polymer is particular because no other photosensitive or photochromic groups would 

be amenable to such inscription.2 Besides SRG, different surface deformations can also be 

created by a variety of single beam irradiation on an azo polymer film surface,60 as shown 

in Fig. 3.9. The SRG can be easily erased by heating the azo polymer above Tg.28,61 

 

Fig. 3.7. Experimental set-up for SRG inscription. 

 

 

Fig. 3.8. Surface profile of a SRG. 

 

 

Fig. 3.9. Superposition of SRGs. 
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Fig. 3.10. Surface deformations. 

There are many applications based on SRG.2 It has been applied to produce 

one-step holographic image storage, to couple light into and out of waveguides, to act as 

orientation layer in a liquid crystal cell and so on. 
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Chapter 4 

 

MEASUREMENT TECHNIQUES   

 

In this chapter we will deal with the experimental techniques necessary to 

characterize photoconductivity, charge mobility and PR properties in organics. First, the 

measurement of photoconductivity and charge carrier mobility are introduced. Then a 

description of standard Two-Beam coupling (2BC) and Four-Wave-Mixing (FWM) 

methods, which are the basic techniques often used to detect the PR behavior and measure 

the amplitude of a light-induced refractive index modulation, will be given. As previously 

mentioned, several phenomena contribute to photorefractivity, such as charge generation, 

carrier mobility and electro-optic response. Although the presence of all these necessary 

elements is no guarantee for the observation of the PR effect, it is important to study the 

contribution of each mechanism to the overall PR performance to determine limiting 

factors and optimize the behavior.  

 

4.1 Sample preparation 

To apply electric field while at the same time allowing light to pass through the 

samples, polymers are usually sandwiched between two transparent indium-tin oxide 

(ITO)-coated glasses. First, the proper amount of polymer is put on a piece of ITO glass 

with the ITO side on top. Some glass spacers are also placed on the corners of the glass. 

The glass with the polymer is then heated on a hot plate to a temperature above the Tg of 

the polymer until it is soft enough. Another piece of ITO glass with the ITO underneath is 

then squeezed on the polymers to obtain a thin film, and then the sample is cooled down 

quickly to room temperature. The thicknesses of the polymers is controlled by the spacers 

and can be measured by interferometry. 

 

Fig. 4.1. Sample preparation. 
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The top view and side view of the sample are shown in Fig. 4.1. Sandwiched 

samples of polymers are not always so easy to prepare because the Tg and the 

decomposition temperature (Td) of some polymers can be close to each other and 

polymers may never become soft enough before they decompose on the hot plate. In these 

cases, a plasticizer, such as DPP (diphenyl phthalate, Table 2.1), is added to the polymer 

by dissolving both in a solvent with low boiling point, such as chloroform. The solution is 

then heated at 50 °C and stirred for 30 minutes. After dropping the solution on a piece of 

ITO glass on a hot plate at 100 ℃ to evaporate the chloroform, the resulting blend is 

processed according to the method described above. The Tgs of polymers and blends 

were determined by a Pyris DSC (Perkin-Elmer) at a 10 ℃ min-1 heating rate, under a 

nitrogen flow. 

 

4.2 Absorption coefficient measurement 

The absorption coefficient α describes the extent to which the intensity of a light 

beam is reduced as it passes through a specific material without scattering and reflection. 

Absorption is important for the photogeneration of the space-charge carriers. The higher it 

is, the more carriers in a unit time can be produced, which means that a higher PR grating 

formation speed can be obtained. The absorption coefficient of a material can be 

measured using the Lambert-Beer law, which states that there is a logarithmic dependence 

between the transmission of light through a substance and the product of absorption 

coefficient and the distance the light travels through the material. 

 

Fig. 4.2. Set-up for α measurement. 

 

As shown in Fig. 4.2, a light beam with power I0 passes perpendicularly through a 

material with thickness d, and the transmission beam power decreases to I. Neglecting 

scattering and reflections, the absorption coefficient of the material can be calculated by 
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01
ln I

d I
α =                                                            (4.1) 

 

4.3 Photoconductivity 

Photoconductivity σphoto, a necessary requirement for the observation of the PR 

effect, refers to the difference of electrical conductivity of a material with and without 

illumination. Measurements of photoconductivity consist of Current-Voltage 

measurements conducted under dark and under illumination. A typical set-up for 

photoconductivity measurements is shown in Fig. 4.3.  

 

 

Fig. 4.3. Schematic illustration of photoconductivity measurement set-up. 
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Fig. 4.4. A typical current under dark and illumination during photoconductivity 

measurement. 

 

At the beginning of the measurement, an electric field supplied by the 
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electrometer is applied on the polymer sample. The dark current is also measured by the 

electrometer, which can measure very weak current. When the dark current is constant, 

the light is turned on and the current under illumination is continuously recorded until it is 

constant. For a photoconducting material, there will be photogenerated charges and hence 

the current will increase under illumination. A typical current during the 

photoconductivity measurement is shown in Fig. 4.4. 

When the light is incident perpendicularly on the sample, photoconductivity can 

be expressed as: 

photo

Id

VS
σ =                                                           (4.2) 

where I is the current difference with and without illumination, V is the voltage, d is the 

sample thickness. S is the area of the sample where the voltage is applied if such area is 

completely illuminated, otherwise S is the illumination area. Since photogeneration 

efficiency depends on light intensity I, the results are often expressed in terms of the 

σphoto/I ratio. A typical σphoto-V curve is shown in Fig. 4.5. 
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Fig. 4.5. Typical σphoto-V curve. 

 

Illumination wavelength and electric field are important factors determining the 

continuous wave (cw) photoconductivity of a material. A higher number of charges can be 

photogenerated at wavelengths where absorbption is higher and this will induce a higher 

current under illumination. The electric field dependence of the cw photocurrent (Icw) can 
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be characterized by a power-law function Icw ∝ Eαcw, with αcw varying between 1.8 and 

3.2 in organic films.1 

 

4.4 Charge carrier mobility 

The response time of an optoelectronic device depends on how fast the charge 

carriers move in a given electric field.2 In the best cases, the room temperature mobility of 

crystalline organic semiconductors can reach the 0.1-20 cm2/Vs range.3-5 In amorphous 

materials, the mobility generally drops well below 0.1 cm2/Vs.6,7 For totally disordered 

polymer films, charge mobilities are low, in the 10-6-10-3 cm2/Vs range. Mobilities 

significantly increase when the polymer chains present self-assembling properties that can 

be exploited to generate ordered structures.8 High mobilities can also be achieved via 

introduction of a liquid crystal character.9,10 

The charge carrier mobility µ is defined as the ratio between carrier velocity v
→

 

and applied electric field E
→

, and can be measured by using several different 

techniques.11-25 Here we will focus on Time-of-Flight (TOF)11-14 and Space Charge 

Limited Current (SCLC)15,16 experiments. 
 

4.4.1 Time-of-flight  

 

Fig. 4.6. Transient current formation dynamics. 

 

TOF is the most common technique used in order to measure charge mobility in 
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thick photoconducting samples such as PR polymers. The principle of TOF can be 

explained with the help of Fig. 4.6. The material is sandwiched between a transparent 

electrode (typically ITO) and another electrode. A short laser pulse is transmitted through 

the ITO electrode and is strongly absorbed by the material, and then a sheet of charges is 

photogenerated (Fig. 4.6 (a)) (or injected in the sample): a rapid increase of the transient 

current is observed. Then charges move towards the other electrode under the influence of 

the applied electric field, giving a constant transient current (Fig. 4.6 (b)) until the charges 

reach the opposite electrode and, at t = tt, the current decays ( Fig. 4.6 (c)). The drift 

mobility µ can be expressed as  

Et

d

t

=µ                                                              (4.3) 

 

 

Fig. 4.7. Experimental setup for TOF. 

 

The experimental set-up for TOF experiments is shown in Fig. 4.7 in the case of 

hole mobility measurements (to determine electrons mobility it is necessary to invert field 

polarity). The electrodes are connected to a voltage supply and a resistor R, with a much 

lower resistance than the internal resistance of the sample, is placed in series with the 

sample. By photo-excitation of the film on the side of the first electrode by a pulsed laser, 

a sheet of holes is generated in the material. If the photogeneration process is not efficient 

enough, a thin layer of a photosensitizer can be deposited between the conducting 
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material and the electrode. In this case charges photogenerated in the photosensitive layer 

are injected in the material, where they are transported to the electrode with opposite 

polarity. The condition RC << tt (C = total capacity across the circuit) must be satisfied 

and to prevent broad edges of the signal, the sheet of charge carriers has to be kept very 

narrow by using light pulses which are short compared with tt, and by keeping the 

absorption depth of the excitation small compared to the thickness d of the sample. The 

behaviour depicted in Fig. 4.6 is typical for a trap free material. However, not many 

materials show this ideal case of a transient photocurrent and the signal shown in Fig. 4.8 

is often observed. This result is due to the presence of deep traps in the material which 

cause a spread in the charge carriers sheet because they hold several carriers while they 

travel from one electrode to the other. These transient currents have to be examined in 

double logarithmic current versus time plots. 

 

 

Fig. 4.8. Current transient shape in deep traps experimental conditions 

 

The transient time is then determined by the intersection between two straight 

lines with different slopes at short and long times of the transient photocurrent (Fig. 4.9). 
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Fig. 4.9. Log-log plot in dispersive transient current. 
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Typical values for charge mobility in amorphous photoconductors are in the range 

of 10-3 cm2/Vs for holes and 10-4 cm2/Vs for electrons. The smaller values observed for 

electron mobility are often correlated with the trapping effects induced by molecular 

oxygen in these materials.26  

 

4.4.2 Space charge limited current 

The Space Charge Limited Current (SCLC) model considers a perfectly insulating 

and completely trap-free material with a negligible concentration of thermally generated 

charge carriers. It assumes the following: 

1. There is only one type of charge carrier present. 

2. The material has no intrinsic conductivity, but charges are injected into it from 

one electrode and captured by the other.  

3. The carrier mobility µ and the dielectric permittivity ε are constant throughout the 

sample.  

4. The electric field at the charge-injecting electrode is zero.  

In this case the steady-state space-charge limited current I can be expressed as  

2

30

9

8

I V

S d
µεε=                                                       (4. 4) 

Where S is the area of the overlap zone between the positive and negative electrodes, 

ε0 = 8.85 E-12 is the vacuum permittivity, ε is the relative dielectric constant of the 

material, µ is the drift mobility and d is the sample thickness. To obtain a trap free regime, 

where Eq. (4.4) is valid, it is not necessary to have a perfect insulator, since for some 

values of applied voltage all existing traps can be filled and the current density is 

described by Eq. (4.4). In order to perform mobility measurement it is enough to 

implement a I-V measurement, analyze the resulting curve and find a region where the 

behaviour is quadratic. 

A typical I-V curve is illustrated in Fig. 4.10. Part (1) is described by an ohmic 

regime, and the linear dependence of current on voltage can be described as: 

fb

I V
en

S d
µ=                                                         (4.5) 

where nfb is charge density. 
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Part (2) corresponds to the Mott-Gurney SCLC regime and the quadratic dependence of 

current on voltage can be described by Eq. (4.4). At the threshold voltage (VT), the slope 

changes from linear to quadratic, and VT is expressed as: 

2

0

8

9
T fb

d
eV n

εε
=                                                         (4.6) 

 

 

Fig. 4.10. Typical SCLC I-V curve. 
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Fig. 4.11. A typical experimental SCLC I-V curve. 

 

A typical experimental log-log I-V curve (open circles) is shown in Fig. 4.11. The 

linear red straight line and quadratic green straight line are the best fits to the two parts of 

the I-V curve with different slopes. Point (V, I) is the intersection of the two lines.  

There are several important steps to check if the I-V curve is believable to obtain 

mobility value according to Eq. (4.4). First, one point (V2, I2) on the green line is selected 
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to calculate the mobility value according to Eq. (4.4), and it can be denoted as µ*. Second, 

another point (V1, I1) on the red line is also selected, and then (V1, I1) and µ* are 

substituted into Eq. (4.5) to obtain charge density nfb. Then VT can be obtained according 

to Eq.(4.6). µ* can be trusted as the true mobility value once the difference between VT 

and V is neglectable. 

In experiments, we have to consider the properties of the contact between the 

material and the injecting electrode: in order to obtain realistic mobility measurements, 

the material and not the injection must control current flows. In other words, an ohmic 

contact is necessary, in which the work function of the electrode matches the highest 

occupied molecular orbital (HOMO) / lowest unoccupied molecular orbital (LUMO) level 

of the conducting material that is used for hole /electron conduction. An ohmic contact 

allows carriers to flow in and out of the materials and an ideal ohmic contact must have 

no effect on device performance, i.e., it must be capable of delivering the required current 

with no voltage drop between the electrode and materials. In real life, an ohmic contact 

must have a contact resistance that is as small as possible, to make it negligible in 

comparison to the bulk resistance of the material. To do this, the difference between the 

HOMO (LUMO) level and the work function of electrode should be less than 0.3 eV. If 

this condition is not met, mobility may be underestimated by several orders of magnitude. 

The work functions of some elements are shown in Table 4.1. 

Table 4.1. Work functions of some elements. 

Element eV Element eV Element eV Element eV 

Ag: 4.52-4.74 Al: 4.06-4.26 Ca: 2.87 Au: 5.1 

 
 

To measure hole mobility of a polymer, a positive electrode with a work function 

close the HOMO level of the polymer should be used. Meanwhile, electrons shouldn’t be 

injected from the negative electrode. Hole mobility measurement of a polymer containing 

carbazole group is shown in Fig. 4.12. The energies of HOMO and LUMO are 5.3 eV and 

3.4 eV, respectively. Hence Au can be used as an anode to inject holes into the polymer, 

while ITO (work function = 4.6 eV) can work as a cathode. Because of the big gap 
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between the LUMO level of the polymer and the work function of ITO, electrons can’t be 

injected into the polymer. In this way, holes are the only carriers during the measurement. 

 

          
                    (a)                                    (b) 

Fig. 4.12. Hole injection in the hole mobility measurement experiment. 

 

The holes transfer can be schematically described as shown in Fig. 2.1. Because of 

the ohmic contact between Au and the polymer, as shown in step S1, holes will be 

injected from Au (anode) as shown in step S1. Then the holes will drift within the 

polymer bulk towards the ITO electrode under the influence of the electric field, as shown 

in step S2 and S3. Finally, holes will reach the interface between polymer and ITO, and a 

similar I-V curve as shown in Fig. 4.11 will be obtained. When the electric field is 

reversed (Au cathode and ITO anode), the contact is not ohmic anymore and neither holes 

nor electrons can be injected. Hence, a much weaker current will be seen, and the 

quadratic behaviour will not be observed.  

There are several steps to prepare samples for the measurement. (1) Polymers are 

dissolved in a solvent such as Tetrahydrofuran (THF). (2) The solution is spin-coated on a 

piece of clean ITO glass to obtain a thin layer of the polymer with a thickness at the range 

of hundreds of nanometers. Then the sample is put into a vacuum oven, and it is heated 

for a time long enough to remove residual solvent. (3) A thin layer of metal with a 

thickness of hundreds of nanometers is deposited on the polymer sample by vacuum 

evaporation, and the shape of the metal can be controlled using a mask. (4) The thickness 

of the metal and polymer can be measured using profilometer later. A typical sample with 
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5 ITO stripes and 4 Au stripes is shown in Fig. 4.13. 

 

 

Fig. 4.13. Top and side view of the sample.  

 

4.5 Two-beam coupling 

Two-beam coupling (2BC) is one crucial experiment to characterize the PR 

properties of materials.27 In this experiment, a uni-directional transfer of energy allows a 

weak singal to grow exponentially with distance at the expense of the pump beam.28,29 For 

inorganic crystals, the exponential gain coefficient is generally in the range of 10 to 100 

cm-1, with the higest observed in LiNbO3:Fe,Tb.30 In organic materials, the largest gain 

coefficient reported for photorefractive materials is 3700 cm-1 as measured in a 

photorefractive polymer.31,32 

 

Fig. 4.14. 2BC experiment set-up. 

 

In the PR effect, as mentioned above, an applied electric field plays an important 

role in both the photogeneration and the charge transport processes. Moreover, the electric 

field is also essential for the poling and consequently for the electro-optic properties of 

the polymer film. A convenient way to apply an electric field is to sandwich the 
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photorefractive polymers between two transparent electrodes such as ITO (indium tin 

oxide)-coated glass slides, with the thickness of the sample controlled by glass spacers. 

The electric field is then applied in the direction perpendicular to the polymer film as 

shown in Fig. 4.14 (a). Optical beams 1 and 2 with the same wavelength and polarization 

are incident at angles θ1 and θ2, respectively, on the same side of the sample normal, and 

interfere in the PR material. In this way a sinusoidal light intensity modulation is obtained. 

The period (Λ) of the light pattern depends on the geometry as shown in Fig. 4.14 (b) and 

can be caculated according to the equation (4.7): 

[ ]2 12 sin ( ) / 2n

λ
α α

Λ =
−

                                                (4.7) 

where n is the refractive index of the material and λ is the wavelength of the light, while 

α1 and α2 are the angles between the interfering beams and the sample normal inside the 

material. The connection among angles inside and outside the photorefractive sample is 

provided by the following equations: 

[ ( ) ]

[ ( ) ]
n

sin
arcsin

n

sin
arcsin

2

1

θ+Ψ
=α

θ−Ψ
=α

                                          (4.8) 

where Ψ is the tilt angle between the sample normal and the beams bisector outside the 

sample and θ is half of the angle between the two light beams outside of the sample. 

An important factor to take into account in 2BC is the diffraction regime of the 

resulting grating. Depending on experimental conditions, it is possible to be in two 

different regimes of diffraction: the thin grating regime, also called Raman-Nath regime, 

or the volume grating regime, also called Bragg regime. In order to identify the diffraction 

regime, it is useful to evaluate the parameter Q33: 

n

d2
Q

2Λ

λπ
=                                               (4.9) 

where λ is the light wavelength, d is the thickness of the sample, Λ is the grating spacing 

and n is the refractive index of the material. If Q << 1 the grating is considered thin, while 

for Q >> 1 it is a volume grating. Experimentally, the difference between the two 

diffraction regimes is evident: in volume gratings only one order of diffraction is 

observed, while in thin gratings several diffraction orders may be obtained. 

In the Bragg regime, if the material is photorefractive, the refractive index will be 
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sinusoidally modulated and there will be a phase shift between the refractive index 

modulation and the light pattern, creating a nonlocal (Θ ≠ 0) diffraction grating (The 

electric field in Fig. 4.14 (a) supplies a component along the grating vector K
→

 and 

assists the charge transport). Then, the same beams 1 and 2 are partially diffracted by the 

grating they have just created (beams 1’ and 2’ in the inset of Fig. 4.14 (a)). Because of 

the nonlocality of the grating,34 one diffracted beam (for example, 1’) interferes 

destructively with its companion beam 2, while the other diffracted beam 2’ interferes 

constructively with beam 1. As a result, beam 1 is amplified (energy gain) while beam 2 is 

attenuated (energy loss). Usually the transmitted beam intensities are measured as a 

function of time and one typical energy exchange in 2BC experiment is shown in Fig. 

4.15. In the Raman-Nath regime, there are many diffraction orders and the energy 

exchange may be attributed to couplings involving diffracted beams rather than to a phase 

shift. For this reason, in order to attribute the asymmetric energy exchange to a PR 

behaviour, 2BC experiments should be carried out in the Bragg regime. 
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Fig. 4.15. Energy exchange in 2BC. 

 

The energy exchange can be explained by the Kogelnik coupled wave theory33, 

that will be discussed in the following in a very simplified form.28 First, let’s assume that 

there is a static grating as shown in Fig. 4.16. It consists of a slab of material in which the 

periodic relative dielectric constant, εr, varies as a function of z in the form: 

Kzcos1r0rr ε+ε=ε                                                   (4.10)              

where εr0 is the dielectric constant of the material in the absence of grating, εr1 is the 
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amplitude of the dielectric grating, and K
→

 is the the grating vector defined in Eq.(4.11), 

with the direction illustrated in Fig. 4.16. Λ is the grating spacing. 

Λ
π

=
2

K                                                    (4.11) 
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Fig. 4.16. Diffraction of light from a grating. 

 

Now we assume there are two interfering vaves, R1 and R2, incident upon the 

grating, and they have phase angles φ1 and φ2 respectively. If we assume that the R1 and 

R2 can be expressed as plane waves, then 
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1 1

2 2

cos

cos

i

i

R A e x

R A e x

φ

φ

κ

κ

=

=
                                      (4.12) 

where A1and A2 are their amplitudes and the coupling constant κ is defined as  

θπε
ε

=κ
cos4

K

0r

1r                                        (4.13) 

If the Bragg diffraction condition  

θ
λ

=Λ
sin2

                                                          (4.14) 

is satisfied, the two waves will be partially transmitted, with the other part diffracted into 

the beams S1 and S2, respectively, as shown in Fig. 4.16. The amplitudes of the output 

waves are given by the expressions 

ν= φ coseAR 1i
11                                    (4.15) 



Chapter 4                                                              Measurement techniques 

69 

ν= φ coseAR 2i
22                                    (4.16) 

ν−= φ sineiAS 1i
11                                    (4.17) 

ν−= φ sineiAS 2i
22                                                   (4.18) 

where, if d is the thickness of the grating,   

dκ=ν                                                           (4.19) 

When only beam 1 is incident, since light intensity is proportional to the squared modulus 

of the amplitude, the output intensities in the direction of beams 1 and 2 are 

2 2
11 1

2 2
12 1

cos

sin

AI

AI

ν

ν

=

=
                                                       (4.20) 

Analogously, when only beam 2 is incident, the output intensities in the direction of 

beams 1 and 2 are 

2 2
21 2

2 2
22 2

cos

sin

AI

AI

ν

ν

=

=
                                                       (4.21) 

When both beams are incident, the output intensity in the direction of beam 1 is then: 

( )

1 2
2

1 1 2

2 2 2 2
1 2 1 2 2 1

cos sin

cos sin sin 2 sin

i iI A e iA e

A A A A

φ φν ν

ν ν ν φ φ

= −

= + + −
                         (4.22) 

and the output intensity in the direction of beam 2 is  

( )

2 1
2

2 2 1

2 2 2 2
1 2 1 2 2 1

cos sin

sin cos sin 2 sin

i iI A e iA e

A A A A

φ φν ν

ν ν ν φ φ

= −

= + − −
                         (4.23) 

when φ2-φ1=0, the output intensities may be obtained by simply adding the intensities 

when only one or the other beam is present, i.e. 

1 11 21I I I= +  and 2 12 22I I I= +                                         (4.24) 

It is important to emphasize that when φ2-φ1 ≠ 0, we have the interaction term  

A1A2sin2νsin(φ2-φ1) which adds to the intensity of one output beam and subtracts from 

the intensity of the other beam, namely energy exchange between the two beams. In PR 

materials the grating is induced by the two interfering beams and the phase difference φ2- 

φ1 can then be thought of as the phase difference between interference pattern and 

refractive index grating. In conclusion, the detection of an asymmetrical exchange of 

energy between the two beams is a proof of the non-local, i.e. photorefractive nature of 
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the grating. 

A typical experimental set-up to perform 2BC is illustrated in Fig. 4.17. The laser 

beam passes through a polarizer P and reaches a beam splitter where half of the light is 

transmitted and half is reflected towards the two mirrors M which direct the resulting 

beams towards the sample. In order to control the polarization and the power density of 

the beams, half-wave plates and lenses are placed before the sample. The outgoing 

intensities are passing trough a chopper and then they are acquired by two photodiodes 

placed directly along the path of the two beams. A third photodiode is necessary to 

measure the intensity of the first order diffraction beam. The acquisition is managed by a 

software that, working as a lock-in amplifier, acquires only the signals at the chopper 

frequency. The same software controls the voltage applied on the sample and acquisitions 

of light intensity versus time or field can be performed. The voltage applied on the sample 

is generated by a power supply. 

 

 

Fig. 4.17. Experimental set-up for 2BC. 

 

The energy exchange can be quantitatively characterized by gain coefficient 

Γ. According to the coupled waves model35 it is possible to define Γ as: 

2
sinn

π
λ

Γ = ∆ Θ                                             (4.25) 

where Θ is the phase shift between light pattern and refractive index grating and ∆n is the 
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index modulation amplitude. Higher Γ value means a better PR performance in which 

more energy is exchanged between the two beams in 2BC. Since it is possible to obtain Θ 

experimentally, from measurement of Γ it is possible to evaluate ∆n. The gain coefficient 

can be extracted from 2BC experiments by using36: 

)0I(I

)0I(I
lncos

)0I(I

)0I(I
lncosd

12

12
2

11

21
1 =

≠
α−

=
≠

α=Γ                       (4.26) 

where d is the thickness of the sample and α1 and α2 are the angles defined in Fig. 4.14 (b). 

I1(I2≠0) and I1(I2=0) are the intensities of beam 1 beyond the sample with beam 2 on and 

off, respectively. Similar definitions apply to I2(I1≠0) and I2(I1=0). The direction of energy 

transfer depends on the sign of the applied electric field and on the sign of ∆n: by 

reversing the electric field polarity, it is possible to change the sign of the energy transfer. 

 

4.6 Four-wave mixing experiment 

In a Four-wave mixing (FWM) experiment, a reading beam is diffracted by the 

grating induced by two interfering writing beams. The photorefractive properties of the 

material are investigated by measuring the diffraction efficiency η defined as the ratio 

between the intensity of the diffracted beam measured after the sample and the intensity 

of the incident reading beam measured before the sample.37 In FWM, information on not 

only the diffraction efficiency, but also on the grating dynamics can be gathered. The 

experimental geometry for the FWM experiment is quite similar to that of 2BC. The 

difference is that in the FWM experiment, in addition to the writing beams 1 and 2, there 

is also a probe (reading) beam (beam 3 in Fig. 4.18) that is being partially diffracted from 

the grating created by the writing beams to create a fourth beam (beam 4). In order to 

minimize the effects of the reading beam on the grating, its intensity should be much 

weaker than the intensity of the writing beams. The wavelength of the reading beam can 

be the same as or different from the wavelength of the writing beams. In the degenerate 

FWM geometry, which is common in PR measurements, beam 3 has the same wavelength 

as the writing beams and it is usually chosen to be counter-propagating to one of the 

writing beams in order to satisfy the Bragg diffraction conditions. To probe the grating, it 

is important that beam 3 does not affect the grating or interact with the writing beams. 

This can be assured by making the probe beam much weaker than the pump beams and/or 

by having the probe beam polarized orthogonally to the writing beams. Because 
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p-polarized beams experience larger diffraction efficiency due to the polarization 

dependence of the OE response of the material,38 in most FWM experiments beam 3 is 

typically p-polarized, while beams 1 and 2 are s-polarized. 

 

Fig. 4.18. Four-wave Mixing geometry. 

 

A typical FWM experimental set-up is shown in Fig. 4.19. Light passes through 

the polarizer P and reaches the pellicle beam splitter BS1 where about 10% is transmitted 

while 90% is reflected. The reflected beam is split in two beams by beam splitter BS2: 

each beam is reflected by a mirror (M1 and M2) towards a polarizing beam splitter (PBS1 

and PBS2), where both beams are reflected (since they are s-polarized) and reach mirrors 

M3 and M4, respectively. The position of these last mirrors is very important since it 

defines the grating spacing: after this last reflection the beams reach the sample where 

they interfere. Turning back to the light transmitted by the beam splitter BS1, it passes 

through a 1% filter and then through a half-wave plate to rotate the polarization from the s 

to the p state. Then the beam is reflected by mirrors M5 and M6 in order to have the same 

direction as writing beam 1. The reading beam now matches the Bragg conditions and for 

this reason, in the presence of a grating, part of the light will be transmitted and part will 

be diffracted. The transmitted and diffracted beams follow the reverse path with respect to 

the writing beams: they are reflected by mirrors M3 and M4 and reach the polarizing 

beam splitters PBS1 and PBS2, where they are transmitted because they are p-polarized. 

The intensities of transmitted and diffracted beams are collected by photodiodes PD1 and 

PD2, respectively. The acquisition system is the same at the one described for 2BC 

experiment. 
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Fig. 4.19. FWM experimental setup. 

 

Results of FWM experiments can be expressed in terms of internal or external 

diffraction efficiency. The internal diffraction efficiency ηint is given by the following 

relation: 

transdiffr

diffr
int

II

I

+
=η                                  (4.27) 

where Idiffr and Itrans are the diffracted and the transmitted beam intensities, respectively. 

The external diffraction efficiency ηext is defined as: 

inc

diffr
ext

I

I
=η                                              (4.28) 

where Iinc is the reading beam intensity before the sample. It is clear that the external 
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efficiency considers all losses due to reflections, scattering and absorption and measures 

the net efficiency of the whole process, while the internal efficiency measures directly 

how well the recorded grating diffracts light. As in 2BC experiments, the measurement of 

ηint and ηext are usually performed versus the applied electric field or versus time.  

In addition to measurements of steady-state diffraction efficiency, which is an 

important parameter for application, the FWM experiment is widely used for temporal 

studies (e.g. formation and erasure) of the PR grating. Furthermore, the FWM experiment 

is ideally suited to measure the dark decay of gratings, i.e., the decay after both writing 

beams are turned off.39-41  

 

4.7 Steady state ellipsometry 

Ellipsometry is based on the principle that a sample, due to the birefringence 

induced by an external electric field or other sources, can act as a retarding wave plate 

changing the polarization of a light beam. The simple experimental set-up is shown in Fig. 

4.20, with the sample placed between two crossed polarizers. A Soleil-Babinet 

compensator (a variable phase retarder) is placed beyond the sample. The probe light 

beam passing through the set-up is forming an angle of 45° with respect to the sample 

normal and its polarization forms a 45° angle with the p-plane. To avoid unwanted effect 

induced by absorption of probe light beam, the light intensity should be as low as possible.  

If the sample is completely amorphous (isotropic) and if no phase retardation is 

introduced by the compensator, the beam polarization is not changed and no light 

intensity can be detected beyond the analyzer. 

 

Fig. 4.20. Ellipsometry set-up. 
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The light intensity passing through the analyzer can be changed by a phase 

retardation introduced by the compensator as shown in Fig. 4.21: by increasing the phase 

retardation θ the light intensity will increase and decrease sinusoidally, with minima 

corresponding to multiples of 2π in phase delay. The same trend can be observed if phase 

retardation is caused by birefringence (∆n) in the sample, due to an applied electric field 

or to other sources. ∆n is defined as: 

∆n = np – ns                                        (4.29) 

where np and ns are the refractive indices for light polarized in the p and in the s planes, 

respectively. Depending on the compensator setting, it is possible to perform different 

measurements. By setting θ so that the intensity of light is in a minimum, it is possible to 

calculate ∆n by the following equation42: 

max

int

I

I
arcsin

d2

cos
n

π

ξλ
=∆                             (4.30) 

where d is the thickness of the sample, λ is the wavelength of the light, ξint is the angle 

inside the material between the sample normal and the light direction, I is the light 

passing through the setup and Imax is the maximum light intensity passing through the 

system, measured by changing the phase retardation of the compensator.  

 

Fig. 4.21. Variation of light intensity as a function of the phase retardation of the 

Soleil-Babinet compensator. 

 

Several steps should be done for measurement of light-induced birefringence. First, 

probe beam and writing beam should have different polarizations to avoid interference, 

and probe beam should be much weaker than writing beam. Usually the writing beam is 
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set to s-polarized or p-polarized. The diameter of probe beam should also be smaller than 

that of writing beam, to make sure that the probe beam passes through the bulk of the 

sample covered by the writing beam, as shown in Fig. 4.22. Second, the Soleil-Babinet 

compensator is modulated to find the maximum and minimum of the transmission 

intensity of the probe beam when the writing beam is off. Then the intensity is set back to 

minimum. Finally the writing beam is turned on and the time dependence of the 

transmission intensity of the probe beam is recorded. During the experiment, the 

transmission intensity of the probe beam will increase until saturation and light-induced 

birefringence can be calculated according to Eq. (4.30). 

 

Fig. 4.22. Probe beam and writing beam for the light-induced birefringence measurement. 

The writing beam propagates along the sample normal and the probe beam forms an angle 

of 45° with respect to the sample normal. 

 

4.8 Transient ellipsometry 

For the experiments described above, interesting information can be obtained if an 

AC field is used. By applying an AC electric field with a DC bias, like the one described 

in the inset of Fig. 4.23, it is possible to distinguish whether the refractive index 

modulations is due to a reorientational mechanism or to electrooptic properties or to 

both43 mechanisms. 

One of the main differences between the two effects consists in the time necessary 

to obtain the refractive index modulation. The orientational effect is relatively slow 

because the refractive index modulation is achieved by reorienting molecules or larger 

objects, while the electrooptic effect is based on electron displacement and it is much 

faster. Such difference in speed can be exploited in order to distinguish between the two 

mechanisms by using the same experimental set-up used for steady state ellipsometry (Fig. 

4.20), adjusting the compensator in order to have a minimum of light passing trough the 



Chapter 4                                                              Measurement techniques 

77 

system and then applying an electric field such as the one illustrated in the inset of Fig. 

4.23. Chromophores are reoriented by the field bias and the resulting loss of 

centrosymmetry allows the Pockels effect. The AC component of the field modulates the 

refractive index and the light intensity passing through the system, as a function of the 

frequency of the electric field, is measured. If the refractive index modulation is observed 

even for high frequency, then the mechanism is electrooptic, while if light intensity drops 

down with frequency, the mechanism is orientational. Signal acquisition is usually carried 

out with a lock-in amplifier at the field frequency.  
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Fig. 4.23. Light intensity versus frequency in transient ellipsometry experiment. 

 

In Fig. 4.23 a typical light intensity/frequency graph for a sample showing only 

orientational refractive index modulation is shown. At low frequency, chromophores are 

able to follow the modulating electric field while above a few Hz the efficiency of the 

induced reorientation process drops. 

 

4.9 Moving grating technique for phase shift measurement 

As already mentioned, in a PR material there is a phase shift between the light 

pattern and the refractive index hologram. This is illustrated in Fig. 4.24 in the case of an 

illumination that is produced by two interfering beams. In addition to the refractive index 

grating, there may be an absorption grating. The moving grating technique can determine 

not only the amplitudes of both the absorption and refractive index gratings, but also their 

phase shift with respect to the interference pattern.44 
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The experiment can be performed by using the same experimental set-up as for 

2BC, depicted in Fig. 4.17. A phase shift Θ will be induced when the photorefractive 

grating is written and reaches a steady state, as shown in Fig. 4.24. Then the sample is 

translated along the direction of the grating vector K
→

 and the intensities of the two 

transmitted beams are measured as a function of the fringe pattern position or time. If the 

translation time is much shorter than the time needed to build up a new refractive index 

grating, the refractive index grating in Fig. 4.24 will be translated along the direction of 

grating vector K
→

, while the light pattern is maintained fixed. In this way, the phase shift 

value will be changed between 0 and 2π, inducing a sinusoidal variation of the intensities 

according to Eq. (4.25). 

   

   
 
 

Fig. 4.24. Phase shift measurement. 

 

Typical variations of the beams intensities are shown in Fig. 4.25 (a). When both 

an absorption and a phase grating are present, the intensity of each beam at the exit of the 

sample is given by: 

1 0(1 2 cos 2 sin )A PA PI I= − +Θ Θ                                               (4.31) 

2 0(1 2 cos 2 sin )A PA PI I= − −Θ Θ                                               (4.32) 

where I0 is the intensity of the beams beyond the sample when no grating is present, A 

and P are the diffraction amplitudes of the absorption and phase gratings, respectively, 

and ΘΑ and ΘP are the phase shifts of the two gratings with respect to the fringe pattern. 

By summing and substracting Eqs. (4.31) and (4.32) we obtain: 

0(2 4 cos )AAI I
+ = − Θ                                                   (4.33) 

0 sin4 PPI I
− = Θ                                                              (4.34) 

where I+ means the sum of the two transmission beams and I- means their difference. It is 

Θ 

Translation direction 

Refractive index 
grating 

Light pattern 

K
→  
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clear that the modulation of I+ depends on the amplitude and phase of the absorption 

grating while amplitude and phase of the refractive index grating can be obtained from I- 

as shown in Fig. 4. 25 (b). 
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Fig. 4.25. Light intensities of the two transmission beams as a function of time during the 

translation of the grating, starting at T0 = 2.5 s. 
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Chapter 5 

 

RESULTS: PHOTOCONDUCTIVITY AND MOBILITY 

 

5.1 Azo-polymers: structures and UV-Vis spectra 

In the previous chapters we have discussed about the PR effect, PR polymers and 

azo-polymers. As described in section 2.1, polymers are superior choices for PR materials 

and several azo-polymers have demonstrated PR properties in addition to a number of 

interesting light-induced effects. The chemical structures of the studied polymers are 

shown in Table 5.1, and there are stereogenic centers, carbazole and azo moieties, which 

can induce chiral, semiconducting, photochromic and nonlinear optical properties. All the 

polymers can be classified as fully functionalized polymers. In this chapter we will focus 

on the photoconducting properties of these azo-polymers because, as explained in detail 

in chapter 1, photoconductivity is a prerequisite for the PR effect. Since 

photoconductivity is related to HOMO-LUMO levels and to charge carriers mobility, we 

also show results of experiments performed to obtain information on these two 

parameters. 

Appropriate optical absorption is very important to obtain photogenerated charges. 

Absorption should not be too low, otherwise no charge can be generated, but it should 

also not be too high, because if a light beam cannot pass through the sample, charges will 

not be generated throughout the sample thickness. An analysis of the UV-Vis spectra is 

then necessary in order to find the proper light sources to be used. The normalized 

absorption spectra of some of the polymers in solution (supplied by the Department of 

Industrial Chemistry and Materials, University of Bologna) are shown in Fig. 5.1 - 5.3. 

Spectra show moderate absorption at λ = 532 nm and λ = 632.8 nm, where inexpensive 

CW laser sources exist, so that these two wavelegntsh seem to be suitable in order to 

conduct experiments regarding photoconducting and photorefractive properties. 
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Table 5.1. Chemical structures of the azo-polymers used in this work. 

 
1. Poly (S) MLECA 

 
2. Poli [(S) – MECP – co –(S) 
MAP-N] , x = 0.5 

 
3. Poli [(S) – MECSI – co –(S) MOSI]   

x= 0.24  
4. Poli [(S) – MECSI – co –(S) MOSI]   

x= 0.76 
5. Poli [(S) – MECSI – co –(S) MOSI]     

x= 0.5 

 
6. Poli [(S) – MECSI] 
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8. Poli MCPP 
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Fig. 5.1. Normalized UV-vis absorption spectra in CHCl3 of 1 (----), 2 (), 3 (○○○) and 4 
(•••). 
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Fig. 5.2. Normalized UV-vis absorption spectra in CHCl3 of polymer 6. 
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Fig. 5.3. UV-vis spectra in Dimethylformamide ( DMF) solution of polymer 11 (－) and 

polymer 12[(S)-MCAPP-C] (---). 

 

The absorption coefficients of the polymers were also measured, using the 

technique described in section 4.2, and their values are shown in Table 5.2.  

 

Table 5.2. Absorption coefficients of polymers 1-15. 

Polymers 
(% DPP) 

α 
532nm 
(cm-1) 

α 
633nm 
(cm-1) 

1 1811 168 
2 (20%) / 692 

3 358 68 
4 527 75 

6(20%) 987 / 
7(20%) 1267 / 

8 147 / 
9 (15%) 78 / 
10(15%) 118 / 
11(10%) 1857 94 

12 2271 129 
15 / 120 

 

 

5.2 HOMO and LUMO levels of the polymers 
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The HOMO and LUMO levels of the polymers were measured by cyclic 

voltammetry and the values are shown in Table 5.3. The energy of the LUMO level of 

some of the polymers is not present in Table 5.3, because their values are higher than the 

detection limit (3.0 eV) of the experimental set-up. 

Table 5.3. HOMO and LUMO levels of the polymers. 

Polymer LUMO (eV) HOMO (eV) Polymer LUMO (eV) HOMO (eV) 
1 3.1 5.7 8  5.1 
2 3.4 4.8 9  5.1 
3  5.3 10  5.4 
4  5.3 11 3.1 5.3 
6  5.3 12 3.1 5.2 
7  4.8 15,16 3.0 5.5 

 

Some considerations can be done if we compare the energy of HOMO levels with 

the chemical structures of polymers. Four different polymers are shown in Fig. 5.4, with 

the HOMO levels increasing from left to right. The increase of the HOMO levels 

correlates well with the electron-withdrawing or electron-donating properties of the 

linking groups shown in Fig. 5.5, where, from left to right, their ability to donate electron 

is stronger and stronger. In polymer 1, the linking group (Fig. 5.5a) is an electron-acceptor, 

and the electron density on carbazole, which is the moiety involved in electron transfer, is 

decreased. In polymer 7, the linking group (Fig. 5.5d) is instead an electron-donor, having 

the opposite effect. In this way, the electron density on carbazole, from left to right as 

shown in Fig. 5.4, is higher and higher, resulting in an increasing HOMO orbital energy. 

              

       5.7 eV                  5.3 eV             5.1 eV          4.8 eV 

Fig. 5.4. HOMO levels of polymers 1, 3, 4, 5, 7 and 9. 
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      (a)                  (b)                (c)                (d) 
 

Fig.5.5. Linking groups (a), (b), (c) and (d) in the polymers. 

 

The effect of delocalization in determining HOMO levels can be evinced by 

considering polymers 7, 8 and 11. As shown in Fig. 5.6 and 5.7, wider 

carbazole-containing structures correspond to more stable HOMO orbitals, as expected. 

                

                      4.8 eV                   5.1 eV 

Fig. 5.6. HOMO levels of polymers 7 and 8. 

 

                   

                     5.1 eV                     5.3 eV    

Fig. 5.7. HOMO levels of polymers 8 and 11. 
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Polymer 3, 4, 5 and 6 have the same HOMO levels, as shown in Fig. 5.8. The only 

difference between their chemical structures is the absence of the azo chromophore group 

in 6. Considering their identical HOMO level, it is reasonable to conclude that the azo 

chromophore in these polymers is irrelevant in determining the HOMO level. The same 

can be said for 2 and 7, as shown in Fig. 5.9. 

                     

                 5.3 eV                              5.3 eV 

Fig. 5.8. HOMO levels of polymers 3, 4, 5 and 6. 

 

                      

4.8 eV                             4.8 eV 

Fig. 5.9. HOMO levels of polymers 2 and 7. 

 

5.3 Photoconductivity measurements 

As already discussed in section 1.3, photoconductivity is a necessary prerequisite 

to observe the PR effect. The photoconductivities of the polymers were measured by the 

method described in section 4.3. The illumination was provided by either a He-Ne laser 

(λ = 632.8 nm) or a Diode-Pumped Solid-State (DPSS) laser (λ = 532 nm). The current 
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was measured using a Keithley 6517A electrometer at a light intensity I ≈ 0.8 W cm-2. All 

the results are shown in Fig. 5.10 and listed in Table 5.4. 
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Fig. 5.10. photoconductivity of the polymers containing carbazole groups. 
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Table 5.4. Photoconductivity of the polymers. 

Polymer 
(% DPP) 

σ/I  
532 nm 

18 V/µm 

σ/I  
632.8 nm 
18 V/µm 

σ/αI  
532 nm 

18 V/µm 

σ/αI  
632.8 nm 
 18 V/µm 

σ/I 
  35V/µm 

σ/αI 
  35V/µm 

1  2.9 10-14  1.7 10-16 8.0 10-14 @ 632.8 4.8 10-16 @ 632.8 
2 (20%)  1.2 10-10  1.7 10-13 2.3 10-10 @ 632.8 3.3 10-13 @ 632.8 
3 <10-15 / <10-15 / <10-15 / 
4  3.7 10-13  4.9 10-15 4.3 10-13 @ 632.8 5.7 10-15 @ 632.8 
6 (20%) 2.3 10-15  2.3 10-18  4.3 10-15 @ 532 4.3 10-18 @ 532 
7 (20%) 2.6 10-11  2.0 10-14   6.4 10-11 @ 532 5.5 10-14 @ 532 
8 7.8 10-13  5.3 10-15  1.6 10-12 @ 532 1.1 10-14 @ 532 
9 (15%) 1.3 10-11  1.6 10-13  2.4 10-11 @ 532 3.1 10-13 @ 532 
10 (15%) 3.5 10-13  3.0 10-15  8.3 10-13 @ 532 7.0 10-15 @ 532 
11 (10%)  4.5 10-12  4.8 10-14 / / 
12  1.2 10-12  9.3 10-15 / / 
13       
14 / / / / / / 
15  1.0 10-13  8.3 10-16 1.6 10-13 @ 632.8 1.3 10-15 @ 632.8 
16 / / / / / / 

 

In Fig. 5.11 we show the structure of 1 and 12. Their large difference in 

photoconductivity can be explained by their different linking groups. The donor group in 

polymer 12 can induce two effects: the first one is connected to the formation of a 

push-pull system, in conjunction with the presence of the cyano group. Push-pull systems 

are known to increase photogeneration efficiency, as they favour charge separation at the 

initial stages of the photogeneration process. In addition, as discussed in section 5.2, the 

donor group raises the HOMO level of 12. The higher HOMO level makes it easier for 

holes to hop between carbazole moieties. In a word, the donor group in 12 can improve 

both photogeneration efficiency and charge mobility, with both effects contributing to the 

higher photoconductivity of 12 when compared to 1. 

Similarly, as shown in Fig. 5.12, the presence of the donor group in 7 can explain 

the higher photoconductivity of 7 when compared to 6. The higher photoconductivity of 

11 with respect to 12, as shown in Fig. 5.13, can also be explained by the stronger donor 

group present in 11, but since the difference between the electron-donating properties of 

the two groups is not large, the difference in photoconductivity is also not large. 



Chapter 5                                                Results: photoconductivity and mobility 

95 

               

σ/αI = 1.7*10 -16 Scm2W-1                   σ/αI = 9.3*10 -15 Scm2W-1 

Fig. 5.11. Photoconductivity of polymers 1 and 12, at λ = 632.8nm and electric field E = 

18 V/µm. 

                         

σ/αI = 4.3*10 -18 Scm2W-1                    σ/αI = 5.5*10 -14 Scm2W-1 

Fig. 5.12. Photoconductivity of polymers 6 and 7, with λ = 532nm and electric field =35 

V/µm. 

                  

σ/αI =9.3*10 -15 Scm2W-1          σ/αI = 4.8 *10 -14 Scm2W-1 

Fig. 5.13. Photoconductivity of polymer 11 and12, with λ = 632.8 nm and electric field = 

18 V/µm. 
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However, a higher HOMO energy does not always correspond to a higher 

photoconductivity. Let us focus on the photoconductivity of 8 and 9, as shown in Fig. 

5.14, as an example. Although the linking group in 8 is a better electron-donating group, 

the photoconductivity in 8 is lower than in 9. This might be explained with the lower 

mobility of the carbazole pendant in 8, due the presence of a closed ring in the linking 

group. Such reduced mobility might in fact hinder the possibility of obtaining favourable 

(for charge transfer) relative orientations among the carbazole pendants. 

Considering the results shown in Fig. 5.11-14, we can say that in general the 

presence of a chemical entity with electron-donating properties coupled with the 

carbazole group can improve photoconductivity, although this is certainly not the only 

relevant factor. 

                           

             σ/αI = 1.1*10 -14 Scm2W-1                      σ/αI = 3.1*10 -13 Scm2W-1 

Fig. 5.14. Photoconductivity of polymers 8 and 9, with λ = 532nm and electric field = 35 

V/µm. 

 

5.4 Photoconductivity of azo-polymers without carbazole 

In addition to polymers 1 - 12, we also studied polymers 13 – 16, which do not 

contain a carbazole group, as shown in Table. 5.1. Polymers 13 and 14 share the same 

chemical structure, but polymer 13 is a racemic mixture while polymer 14 is not. The 

preparation of samples with 13 and 14 using the method described in section 4.1 proved 

to be problematic because the polymers never became soft enough before their 

decomposition on the hot plate. After several failed attempts, we decided to study instead 

polymers 15 and 16, which were easier to handle. Again, polymers 15 and 16 share the 

same chemical structure but polymer 15 is racemic mixture while polymer 16 is not. 

Because of the lack of a carbazole group, we initially assumed that both polymers were 
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not photoconductors. However, tests were carried out in order to experimentally verify 

such assumption. The photoconductivity performance of polymer 15 is shown in Fig. 5.15: 

not only we measured a photoconductivity, but its value is even comparable to the 

photoconductivity of some polymers with carbazole groups, such as polymers 1 and 4, 

and even higher than the photoconductivity of polymer 6. The photoconductivity of 

polymer 16 is similar to that of polymer 15. To our knowledge, this is the first time that 

photoconductivity is recorded in azo-polymers.  
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Fig. 5.15. Photoconductivity of polymer 15. 
 

 

5.5 Hole mobility measurement 

The photoconductivity of polymers 1 – 12 is based on the presence of a carbazole 

group, which is well known for its hole transporting properties. The mobility can be 

measured using several techniques, including TOF and SCLC, that were described in 

section 4.4. We first tried to perform TOF experiments, but we were not able to obtain 

current curves good enough to extract a mobility value. We then tried to obtain mobility 

using the SCLC technique. An ohmic contact is necessary for SCLC. Considering the 

HOMO levels of the polymers, we chose Au (5.1 eV) as anode and ITO (4.6 eV) as 

cathode: the general set-up is shown in Fig. 4.12. Polymer 1 and 10 were excluded from 

measurements because their HOMO level is too far from the work function of Au. We 

tried to prepare samples of the other polymers using the method described in section 4.4.2. 

    

λ = 632.8 λ = 632.8 λ = 632.8 λ = 632.8 nm 
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However, we were only able to obtain good samples for 3, 6, 7 and 9. For the other 

polymers, we could not get good samples by spin-coating because the resulting surfaces 

were rough or because of the presence of pinholes that shorted the electrodes. 

The measurement results for 3 are shown in Fig. 5.16. The red line in Fig. 5.16 

represents a linear dependence of current on electric field, while the green line represents 

quadratic dependence. The intersection point of the two straight lines is (V, I) and the VT 

value can be obtained as described in section 4.4.2. 
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Fig.5.16. I-V curve of polymer 3 with Au as anode and ITO as cathode. 



Chapter 5                                                Results: photoconductivity and mobility 

99 

The results in Fig. 5.16 were obtained on three different pixels on the same sample. 

The thickness of 3, measured by a profilometer, was d = 1.35 µm and the relative 

dielectric constant ε = 10.7. The width of the ITO stripe was 0.5 mm and the width of Au 

was 2.15 mm in Fig. 5.16 (a), (b) and 1.15 mm in Fig. 5.16 (c). The difference between 

the VT and V as shown in Fig. 5.17 is small; hence the I-V curve is believable for the 

calculation of mobility. The hole mobility µ was calculated according to Eq. (4.4) and it 

ranges between 2.2 E-3 cm2/Vs to 2.5 E-3 cm2/Vs. 
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Fig. 5.17. VT and V obtained from I-V curves of polymer 3. 

 

After the measurements, the electric field was inverted. As we have discussed in 

section 4.4.2, the current should be lower and the quadratic behavior should not be seen. 

Results, as shown in Fig. 5.18, confirmed these expectations. 
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Fig. 5.18. I-V curve of polymer 3 with Au as cathode and ITO as anode. 
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Fig. 5.19. I-V curve of polymer 6 with Au as anode and ITO as cathode. 

 

All the results in Fig. 5.19 were obtained on the same pixel of a sample and are 

shown to illustrate reproducibility. The thickness of the polymer was d = 500 nm and the 

relative dielectric constant ε =10. The width of the ITO stripe was 0.5 mm and the width 

of Au was 1.5 mm. The difference between VT and V as shown in Fig. 5.20 is small 

enough, and hole mobility ranges between 2.49 E-8 cm2/Vs to 2.96 E-8 cm2/Vs.  
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Fig. 5.20. VT and V obtained from I-V curves of polymer 6. 

 

After the measurements, the electric field was inverted and the resulting I-V 

curves are shown in Fig. 5.21. Because the HOMO level of polymer 6 (5.3 eV) is far from 

the work function of ITO, holes were not injected from ITO (anode), the currents were 

much lower than in the other case (Au as anode) and quadratic behavior in the current 

was not observed.  
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Fig. 5.21. I-V curve of polymer 6 with Au as cathode and ITO as anode. 
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Polymer 7: 

0.1 1

1E-10

1E-9

1E-8

 

 

(a)

Voltage(V)

C
u

rr
e

n
t 

(A
)

Au as anode

µ=1.37E-8cm
2
/Vs

V=3.4V

I=2.8E-9A

V1=0.77V
I1=6.5E-10A

V2=5.799V
I2=7.387E-9A

VT=3.87V

0.1 1

1E-10

1E-9

1E-8

 

 Voltage(V)

C
u

rr
e

n
t 

(A
) µ = 1.3E-8cm

2
/Vs

Au as anode 

(b)

V=3.66V

I=3.1E-9A

V1=0.76V
I1=6.5E-10A

V2=5.68V

I2=7.16E-9A

VT=3.98V

0.1 1

1E-10

1E-9

1E-8

 

 

 

Voltage(V)

C
u

rr
e

n
t 

(A
)

(c)

Au as anode

µ=1.3E-8cm
2
/Vs

VT=4.05V

V=3.66V

I=3.08E-9A

V1=0.76V

I1=6.6E-10A

V2=5.6V
I2=7.0E-9A

0.1 1

1E-10

1E-9

1E-8

  

 Voltage(V)

C
u

rr
e
n

t 
(A

) Au as anode

µ=1.32E-8cm
2
/Vs

(d)

VT=3.53V
V=3.4V

I=2.7E-9A

V1=0.4V
I1=3.2E-10A

V2=5.56V

I2=6.9E-9A

    

0.1 1

1E-10

1E-9

1E-8
(e)

 

 Voltage(V)

C
u

rr
e

n
t 

(A
)

Au as anode

µ=1.3E-8cm
2
/Vs

VT=3.83V
V=3.68V
I=3.12E-9A

V2=5.56V

I2=6.9E-9A

V1=1.0V

I1=8.62E-10A

 

0.1 1

1E-10

1E-9

1E-8

 

 

 

C
u

rr
e

n
t 

(A
)

Voltage(V)

Au as anode

µ=1.25E-8cm
2
/Vs

(f)

VT=3.93V

I2=7.1E-9A

V2=5.68V

I1=2.1E-10A

V1=0.24V
V=3.6V

I=2.87E-9A

 

Fig. 5.22. I-V curve of polymer 7 with Au as anode and ITO as cathode. 

 

The results shown in Fig. 5.20 were obtained on the same sample. The results in 

Fig. 5.22 (a), (b), (c) were obtained on the same pixel, and the results in Fig. 5.22 (d), (e), 

(f) were obtained on another pixel of the same sample. The thickness of 7 was d = 700 

nm and the relative dielectric constant ε =10.7. The width of the ITO stripe was 0.5 mm 

and the width of Au was 1.85 mm in Fig. 5.22 (a), (b), (c) and 1.65 mm in Fig. 5.22 (d), 

(e), (f). The difference between the VT and V as shown in Fig. 5.23 is small enough, and 
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hole mobility ranges between 1.25 E-8 cm2/Vs to 1.37 E-8 cm2/Vs.  
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Fig. 5.23. VT and V obtained from I-V curves of polymer 7. 

 

After the measurements, the sign of the electric field was inverted (ITO anode) 

and the I-V curves on the same pixels are shown in Fig. 5.24 (a) and (b), respectively. In 

contrast to the results obtained for 3 and 6, the current was of the same order as in the 

case of the Au anode and both linear and quadratic behaviors were observed. This can be 

understood if we consider that the HOMO level of 7 is 4.8 eV. Since this value is close to 

both the work function of Au (5.1 eV) and ITO (4.6 eV), holes can be injected equally 

well from both electrodes, i. e. the contact is Ohmic in both cases. 
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Fig. 5.24. I-V curve of polymer 7 with Au as cathode and ITO as anode. 
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Polymer 9: 
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Fig. 5.25. I-V curve of polymer 9 with Au as anode and ITO as cathode. 
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Fig. 5.26. VT and V obtained from I-V curves of polymer 9. 

 

The results shown in Fig. 5.25 were obtained on the same pixel. The thickness of 

polymer 9 was d = 400 nm and the relative dielectric constant ε = 2.9. The width of the 
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ITO stripe was 0.5 mm and the width of Au was 1.3 mm. The difference between the VT 

and V as shown in Fig. 5.26 is small enough, and the hole mobility ranges between 1.7 

E-3 cm2/Vs to 2.14 E-3 cm2/Vs as shown in Fig.5.25. 

After the measurements, the electric field was inverted and the I-V curve is shown 

in Fig. 5.27. We found that the current measured using ITO as anode is of the same order 

as the current obtained for the Au anode, but without quadratic behavior. This fact is 

probably linked to the fact that, given the value of the HOMO (5.1 eV), the contact is just 

at the limit between an Ohmic and a non-Ohmic behaviour when the ITO electrode is the 

anode. 

 

0.1 1

1E-5

1E-4

1E-3

 Voltage(V)

C
u

rr
e
n

t 
(A

)

V=1.35V

I=1.62E-4A

ITO as anode

 
Fig. 5.27. I-V curve of polymer 9 with Au as cathode and ITO as anode. 

 

Summarizing, we found that the hole mobilities of 3 and 9 are of the order of 

1.5-2.5 E-3 cm2/Vs, which is several orders of magnitude higher than the mobility of 6 

and 7. Polymers 3 and 6 have the same HOMO level (5.3 eV), but there is a huge 

difference between their hole mobility. Similarly, the higher HOMO level of 7 (4.8 eV) 

does not reflect a higher mobility. This indicates that the HOMO level does not play an 

important role in determining mobility. Comparing 3 and 6 the much higher mobility of 3 

might be connected with the higher conformational freedom expected in co-polymers or 

with some other effect due to the azo chromophore group. 

One important result comes from the comparison of the photoconducting 

properties of 6 and 7. Polymer 6 shows a slightly higher hole mobility but a 

photoconductivity that is 4 orders of magnitude lower than in 7. As photoconductivity is 
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the combined effect of mobility and charge photogeneration, this can only be explained 

by assuming for 7 a photogeneration efficiency which is several orders of magnitude 

higher then in 6. Although more detailed analyses are required, this result seems to 

correlate a higher photogeneration efficiency with the electron-donating properties of the 

linking group. 
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Chapter 6 

 

RESULTS: PHOTOREFRACTIVITY 

 
As already discussed, photorefractive polymers may be divided in two general 

calsses: low Tg PR polymers and high Tg PR polymers, depending on their Tgs being 

above or below the operational temperature, usually room temperature (RT). Low Tg PR 

polymers usually show better PR performance because of the two contributions to the 

modulation of the refractive index: the electro-optic and the birefringence contributions. 

However, low Tg polymers are often mechanically and chemically instable. High Tg PR 

polymers are more stable, but their PR performance is worse, since no birefringence 

contribution is present. All the azo-polymers listed in Table 5.1 have high Tg, above 100 

℃, and this makes them stable at room temperature. As discussed in chapter 3, 

photoorientation and photoassisted poling are allowed for high Tg azo-polymers at room 

temperature. In this chapter, we will describe our attempts at exploiting such 

light-induced mobility in order to add a birefringence contribution to the refractive index 

modulation and to improve the PR performance at room temperature in these high Tg 

azo-polymers. 

 

6.1  Polymers and their functional groups  

Polymers 1 - 4 shown in Table 5.1 were first chosen to study the PR properties in 

high Tg multifunctional media. All the four polymers can be classified as fully 

functionalized polymers. Homopolymeric polymer 1 bears three distinct functional 

groups (i.e., the azoaromatic, carbazole and chiral groups of one single configuration) 

directly linked to a single side chain. Copolymeric compounds 2 - 4 have two different 

side-chains: one co-monomer with either a (S)-3-hydroxy pyrrolidinyl (2) or a 

(S)-2-hydroxy succinimide (3,4) ring as a chiral moiety, covalently linked to a 

photochromic azoaromatic group, substituted (2) or not (3,4) in the 4’-position with a 

nitro (electron withdrawing) residue. In the side-chain of the second kind of co-monomer, 

the same chiral rings are linked to photoconductive carbazolic chromophores. In 2 - 4, the 

conformationally rigid pyrrolidine or succinimide rings increase the stiffness of the 

macromolecules and induce high Tg values (see Table 6.1).  
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Table 6.1. Relevant characterization data of the investigated polymeric derivatives. 

Compound Mn 
[a] Mw/Mn

[a] α [b] Tg 
[c] Td

 

[d] 
σph/I

 [e] 

 
(g 
mol-1) 

 (cm-1) (°C) (°C) 
(Ω-1 
cm 
W-1) 

1 

Poly[(S)-MLECA] 

 

13400 

 

1.8 

1811 

168 

 

147 

 

363 

 

6.15 
10-14 

2 

Poly[(S)-(-)-MECP-co-(S)-MAP-N]  

x= 0.25 

 

6700 

 

1.5 

 

(692) 

 

(107) 

 

328 

 

(2.12 
10-10) 

3 

Poly[(S)-(+)-MECSI-co-(S)-(+)-MOSI] 

x= 0.24 

 

9400 

 

1.9 

358 

68 

 

227 

 

297 

 

< 10-15 

4 

Poly[(S)-(+)-MECSI-co-(S)-(+)-MOSI] 

x= 0.76 

 

10200 

 

2.0 

527 

75 

 

228 

 

298 

 

4.10 
10-13 

 

[a] Determined by SEC in THF solution at 25°C, [b] Measured on solid films at λ = 

632.8 nm (between brackets the values for the mixtures containing 20% of the DDP 

plasticizer), [c] Glass transition temperature of pure compounds determined by DSC at 

10°C/min heating rate under nitrogen flow (between brackets the values for the mixtures 

containing 20% of the DDP plasticizer), [d] Initial decomposition temperature as 

determined by TGA at 20°C/min heating rate under air flow, [e] Photoconductivity 

normalized with respect to the light intensity I = 0.8 W/cm2, measured at an applied field 

E = 30 V/µm, using light with a wavelength λ = 632.8 nm (between brackets the values 

for the mixtures containing 20% of the DDP plasticizer). 

 

6.2 Light induced birefringence 

Light induced birefringence of polymer 1 was measured at room temperature by 
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using the steady state ellipsometry set-up already shown in Fig. 4.20, using sample 

thicknesses in the 20-30 µm range. The wavelengths of the writing beam and probe beam 

were both λ = 632.8 nm. The intensity of the writing beam was IW = 0.8 W/cm2, while the 

intensity of the probe beam was only IP = 4×10-4 W/cm2. The diameter of the writing 

beam was 2 mm while the diameter of the probe beam was only 0.8 mm.  
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Fig. 6.1. Light-induced birefringence in the sample of polymer 1.  

 

Light-induced birefringence is clear in Fig. 6.1 and the increase of the 

transmission can be explained by the photoorientation of azobenzene chromophores as 

shown in Fig. 3.5. 

The same experiments were also carried out on samples of polymers 2 - 4, with 

the same conditions. Similar values of birefringence were also obtained for polymer 2. 

For polymers 3 and 4, light-induced birefringence was hardly detectable at λ = 632.8 nm 

because of the lower absorption, but it became again of the order of 1×10-3 when the 

wavelength of the writing beam and probe beam were λ = 532 nm, where absorption is 

higher (see Table 5.2). The light-induced birefringence proves that chromophores 

reorientation in our azo-polymers can be induced by light at temperature well below Tg 

(see Table 6.1). 

Similar experiments were also carried out without the writing beam, but applying 

an electric field E = 20 V/µm along the sample normal, in order to test if the field can also 

reorient azobenzene chromophores. However, no field-induced birefringence was 
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detected, as it was expected given their high Tg values. 

 

6.3 Light-induced surface relief grating 

As we have discussed in section 3.4 and 3.7.3, there is another light-induced 

phenomenon associated with trans-cis isomerization in azo-polymers, namely the 

formation of surface relief gratings which are associated with the movement of massive 

amounts of material over large distances, even micrometers.4 This phenomenon is also 

known to be active at temperatures well below Tg.5,6 

In order to provide further evidence of the existence of light-induced molecular 

mobility in the polymers under investigation, the inscription of SRG at room temperature 

on polymer 1 was investigated (in the Department of Industrial Chemistry and Materials, 

University of Bologna). The resulting 2D and 3D images of the obtained SRG are shown 

in Fig. 6.2. 

 

       

(a) (b) 

Fig. 6.2: (a) 2D AFM image 10x10 µm, (b) relative 3D AFM image of a 400 nm thick 

film of polymer 1 after inscription at room temperature of surface relief grating (SRG) on 

the sample surface. 

 

Based on the light-induced birefringence and surface relief grating at room 

temperature, we can conclude that chromophores reorientation in these azo-polymers can 

be induced by light at temperatures well below Tg. 
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6.4 Effect of illumination with a single light beam 

One beam experiments were carried out in order to study light-induced effects in 

the simplest possible experimental conditions. The set-up shown in Fig. 4.2 was used, but 

the power meter was substituted by a photodiode detector and the intensity of the 

transmission beam as a function of time was recorded. The wavelength of the linearly 

polarized laser was λ = 632.8 nm and its intensity was I = 0.8 W/cm2. The result on 

polymer 1 is shown in Fig. 6.3. 

 

 

Fig. 6.3. Time dependence of light transmission through a 20 µm thick oxidized sample of 

polymer 1. The light was linearly polarized, with intensity I = 0.8 W cm-2 and λ = 632.8 

nm, and its propagation direction was along the sample normal. 

 

Considering the trans-cis photoisomerization, the transmission intensity was 

expected to increase during irradiation, as the population of molecular transition dipoles 

along the direction of polarization of the laser beam is depleted. However, we observed a 

decrease of transmission, except for an initial increase, more evident in older samples, as 

shown in Fig. 6.3. The same experiments were also carried out on polymers 2 - 4. The 

decrease was also found for polymer 2, but there was no change of the transmission for 

polymers 3 and 4. 

The increase at the beginning in Fig. 6.3 can be explained by the azo trans-cis 

photoisomerization. For the decrease, we first considered that it could be attributed to the 

light scattering due to chromophore aggregation in domains, a phenomenon that often 
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accompanies light-induced azo-chromophore reorientation.7,8 However, we were not able 

to detect any increase in scattering due to irradiation. A different explanation can be 

found considering that in the chemical structures of the four polymers, there are strongly 

electron-withdrawing cyano or nitro groups in 1 and 2, respectively, inducing 

considerable permanent dipole moments, while in 3 and 4 strong molecular dipoles are 

not present. Given the fact that there was no transmission decrease in the single beam 

experiments for 3 and 4, one reasonable explanation of the decrease shown in Fig. 6.3 can 

be an absorption increase due to the light-induced formation of dipolar aggregates,9 which 

modifies absorption due to the shift of the electronic energy levels involved in the 

transition. 

 

6.5 Light-induced absorption increase 

In order to further investigate this point, the absorption coefficients of polymers 1 

and 2 at different wavelengths were measured before and after irradiation. 

 

Fig. 6.4. Set-up for the measurement of absorption variation.  

 

The set-up for the experiments is shown in Fig. 6.4 and the details of the 

measuremets are described in the following. 1) The light intensity exiting the 

monochromator at different wavelengths ranging between 350 nm and 700 nm were 

measured by using a power meter. Such intensity, when compared to the intensity of the 

laser writing beam (see below) was low enough to ensure that its effects on the 

azo-polymer could be neglected. 2) Samples (with a thickness in the 20-30 µm range) 

were placed perpendicularly to the monochromator beam. 3) The absorption coefficient of 

the sample was measured. 4) A He-Ne laser (λ = 632.8 nm and I = 0.8 W cm-2) was 

turned on and a mirror was used to reflect the laser beam. The laser beam was 
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perpendicular to the sample and it passed through the same spot illuminated by the 

monochromator. Samples were illuminated for hours, until the transmission of the laser 

beam decreased to about half of its initial value. 5) The laser was turned off, the mirror 

was removed and the absorption coefficient was measured again. 

The absorption coefficients of polymer 1 at different wavelengths before and after 

the irradiation are shown in Fig. 6.5. It is clear that the absorption coefficients increased 

after irradiation at all wavelengths within the measurement range, and the decrease in Fig. 

6.3 can be explained by the increase of absorption. 
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Fig. 6.5. Absorption variation of polymer 1 before and after irradiation. 

  

The same experiment was also carried out on polymer 2 and the result is shown in 

Fig. 6.6. 
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Fig. 6.6. Absorption variation of polymer 2 before and after irradiation. 
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6.6 Two-beam coupling (2BC) results  

To this point, the photoconductivity and the light-induced chromophores 

reorientation at room temperature in our azo-polymers were demonstrated. These 

phenomena are prerequisites for the observation of the PR effect and experiments aiming 

at elucidating the PR properties of the materials under investigation will be described in 

the following. As already mentioned, the photorefractivity can be characterized by the 

observation an asymmetric energy exchange in 2BC experiments.  

 
 
Fig. 6.7. Two-beam coupling experiment results at room temperature for polymers 1 (a), 2 

(b), 3 (c) and 4 (d). Data for compound 2 have been obtained from a sample containing 20 

% of the plasticizer DPP. In all cases, the grating period was Λ = 3 µm, light wavelength λ 

= 632.8 nm and the light intensity was I = 0.8 W cm-2. The inset in (a) is a schematic 

illustration of the experimental set-up. All data were rescaled to eliminate the effect of the 

decreasing total transmission during irradiation. 

 

2BC experiments were carried out at room temperature at λ = 632.8 nm using the 

experimental set-up illustrated in Fig. 4.17. Considering the experimental geometry (see 

Fig. 4.14 (b)), in all experiments Ψ = 60° and θ = 10°. According to Eq. (4.7), the grating 
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period was calculated as Λ = 3 µm (n ≈ 1.6). Given the sample thickness from 16 µm to 

40 µm, the experiments were performed in the Bragg diffraction regime.10 The 2BC 

results are shown in Fig. 6.7. The results for polymer 1 and 2 showed an obvious energy 

exchange between the two writing beams, which can be taken as a signature of the 

photorefractive nature of the photo-induced grating.11 For polymer 1, Γ = 480 cm-1, a very 

high value when compared both with absorption (α = 168 cm-1) and with literature data.12 

For polymer 2, Γ = 230 cm-1. Compared with polymers 1 and 2, the energy exchange in 

the case of polymers 3 and 4 was very small and the gain coefficient was Γ ~ 30 cm-1 for 

both. 

 

6.7 Inversion of energy exchange 

According to Eq. (1.7), the sign of the phase shift depends on the direction of the 

external electric field, which means that the phase shift can be changed from a positive 

value to a negative value or vice versa, by inverting the direction of the electric field. 

Considering Eq. (4.25), the sign of the gain coefficient will also be inverted in this way, 

which means that the direction of energy exchange will be inverted. In order to prove this 

important feature, that can be considerend as a confirmation of the PR nature of the 

obtained holograms, 2BC experiments at room temperature with different directions of 

external electric field were carried out. Polymer 1 was chosen to perform such 

experiments, and samples were prepared as described in section 4.1. In Fig. 6.8 (a), it is 

evident that the intensity of beam 1 increased. When the applied electric field was 

inverted, as shown in Fig. 6.8 (b), the intensity of beam 1 decreased, which means that the 

direction of energy exchange between the two beams depends on the polarity of the 

applied field. 
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Fig. 6.8. Two-beam coupling experiment results at room temperature for polymer 1 with 

opposite directions of electric field. In all cases, Ψ = 60°, θ = 10° and the grating period 

was Λ = 3 µm, the light wavelength was λ = 632.8 nm and the light intensity was I = 0.8 

W cm-2. All data were rescaled to eliminate the effect of the decreasing total transmission 

during irradiation. 

 

6.8 Phase shift measurement 

A further evidence of the PR nature of the obtained gratings can be derived from a 

direct measurement of the phase shift between refractive index grating and interference 

fringes using the moving grating technique described in section 4.9. The dependence of 

phase shift on electric field is shown in Fig. 6.9, according to Eq. (1.7). Charge transport 

is driven only by diffusion when the electric field is zero, hence the phase shift will be π/2, 

as already discussed in section 1.2. Along with the increase of the electric field, there will 
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Fig. 6.9. Typical dependence of phase shift on electric field. 

 

be first a sharp decrease of phase shift value, and then it will increase until saturation 

close to π/2. The decrease part is hard to see in the real measurement, because it happens 

only at very weak electric field. Usually we can only see the increasing part, as seen by 

some research groups.13-17 

To measure the phase shift value, samples of polymer 1 (chosen again as a 

reference) were exposed to the two writing beams for a time long enough to reach a 

steady state grating, then they were translated along the grating vector with a speed V ~ 

15 µm/s. The translation time was much shorter than the growth time of the refractive 

index grating, which was longer than 1000 s, as shown in Fig. 6.7 (a). During the 

translation, the light pattern was of course kept fixed. The resulting modulation of light 

intensity is shown in Fig. 6.10 (a). The sum and difference of the two beams are shown in 

Fig. 6.10 (b) and a positive phase shift value was extracted from the difference using Eq. 

(4.34). The sum gives evidence of a less intense grating induced by absorption, which is 

expected to be in phase with the interference fringes. However, due to the high noise level, 

the phase of the sum signal could not be measured. 

A similar experiment was conducted with a field of opposite polarity. The result is 

shown in Fig. 6.11 and a negative phase shift was extracted from the difference. 
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Fig. 6.10: (a) Dependence of the light intensity of the two writing beams as a function of 

time during the translation of the grating after 2BC experiment shown in Fig. 6.8 (a), 

starting at t = 0.3 s, moving speed ν = 15 µm/s. (b) Sum and difference of the two writing 

beams shown in (a). 
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Fig. 6.11: (a) Dependence of the light intensity of the two writing beams as a function of 

time during the translation of the grating after 2BC experiment shown in Fig. 6.8 (b), 

starting at t = 0.3 s, moving speed ν = 15 µm/s. (b) Sum and difference of the two writing 

beams shown in (a). 

 

6.9 Improvement of PR dynamics 

Although polymers 1 and 2 show good PR performance, it takes more than 1000 s 

for the build-up of the refractive index modulation, as shown in Fig. 6.7 (a) and (b). Their 
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dynamics are slow, especially compared with some fast PR media with PR speed at the 

scale of milliseconds. There are some possible methods for improving such speed: 

1) Increasing the intensity of light: stronger light intensity will generate more charges 

in an equal time, hence the formation of the space charge field will be faster. At the 

same time, the reorientation of azo moieties will be accelerated. 

2) Using wavelengths closer to the absorption peak of azobenzene: as far as the effects 

are considered, this is equivalent to increasing light intensity. 

3) Increasing the intensity of the external electric field to accelerate the formation of 

the space charge field. 

Compared with some other PR polymers with faster response, the 

photoconductivity of polymer 1 and 2 is even higher. It is then reasonable to say that the 

limiting factor for PR speed in these azo-polymers is not the set up of the space charge 

field, but the chromophores reorientation. 

 

 

Fig. 6.12. Time evolution of energy exchange at λ = 532 nm during two-beam coupling at 

room temperature for polymer 1. The sample thickness was d = 32 µm, the grating period 

was Λ = 3 µm, the applied field was E = 22 V/ µm and the light intensity was I = 0.8 W 

cm-2. 

 

The second method was carried out to accelerate the reorientation of azobenzene 

chromophores and then improve the PR speed of polymer 1. As shown in Table 5.2, the 

absorption coefficient of polymer 1 at λ = 532 nm is much higher than that at λ = 632.8 

nm. Two-beam coupling experiments were then carried out using the set-up as shown in 

Fig. 4.17, but the light was supplied by a DPSS (Diode-Pumped Solid-State) laser at 
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λ = 532 nm. As in other experiments, the same grating period Λ = 3 µm was obtained by 

setting Ψ = 60° and θ = 8.5° in Fig. 4.14 (b). The same light intensity I = 0.8 W cm-2 as 

that in the experiments at λ = 632.8 nm was used. Results, as shown in Fig. 6.12, show 

that at λ = 532 nm the time constant of the build-up of the refractive index modulation is τ 

≈ 5 s, 2 orders of magnitude smaller that at λ = 632.8 nm.  

 

6.10 The roles of chormophore dipole moment and electric field 

As already discussed, high Tg, non-poled polymers 1 and 2 exhibit light-induced 

conformational mobility, which can affect absorption and refractive index. However, 

these effects are local, in the sense that their extent is proportional to the local light 

intensity, and therefore they are not expected to contribute to the energy exchange in 

two-beam coupling. In order to be active within a PR medium, conformational mobility 

must be coupled to a non-local effect, and this is what can happen in photoconducting 

materials, such as the ones studied in this work. In fact, in this case the non-local entity is 

the photogenerated electric field, which is phase shifted with respect to the light pattern. 

The field itself would not reorient molecular dipoles so far below Tg, as confirmed by the 

birefringence measurements, but this is possible in the presence of light-induced 

conformational mobility. 

The observation of energy exchange in the Bragg regime in a photoconducting 

material already constitutes sufficient experimental evidence in order to claim the role of 

an electric field in the orientation of chromophores. One further indication can be 

obtained by comparing the faster build-up of energy exchange with the slower time 

constant of light-induced birefringence, which was measured using the same light 

intensity. In the case of polymer 1, these data are illustrated in Fig. 6.7 (a) and Fig. 6.1, 

respectively. During birefringence measurements no field is applied and birefringence 

originates from the fact that polarized light absorption (inducing the trans to cis 

isomerization) is higher for certain molecular orientations while the reverse process (cis 

to trans) yields random reorientations. In contrast, two-beam coupling is carried out in the 

presence of an electric field and this could not only make the cis-trans reverse process not 

random, but it could also induce the reorientation of non-excited chromophores, by using 

conformational mobility obtained via the rearrangements of neighbouring excited 

chromophores. Both effects can lead to faster orientation. 
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The importance of the electric field in the energy exchange experiments we 

describe may also be inferred by considering the data of Fig. 6.7 (c,d), obtained at λ = 

632.8 nm using polymers 3 and 4, in which the high molecular dipoles associated with the 

cyano (polymer 1) and nitro (polymer 2) groups are not present. As a consequence, 

field-induced molecular reorientation is much less effective and energy exchange is 

greatly reduced. The same values of Γ as that at λ = 632.8 nm were obtained for 3 and 4 

in measurements at λ = 532 nm, where their absorption is higher, ruling out the possibility 

that their lower PR performance at λ = 632.8 nm is a consequence of their lower 

absorption (see Table 5.2).  

All the experimetal evidence illustrated above shows that, in our materials, 

conformational motions due to azo isomerization cannot account for PR behaviour if the 

coupling with a field is not present. In addition, given the similar optical gain measured 

for 3 and 4, and comparing also with the results obtained for 1 and 2, it is possible to 

conclude that both absorption and photoconductivity variations play a secondary role in 

determining the gain. In contrast, our data show that, at least in the materials we 

investigated, PR performance cannot be linked to the simple photoisomerization. The 

whole picture is instead consistent with a field-induced, light-assisted (via the 

isomerization) chromophore reorientation mechanism for the PR behaviour in high Tg 

azo-polymers, as shown in Fig. 6.13. 

 

 

Fig. 6.13. The mechanism for the PR effect in high Tg, nonpoled azo-polymers at 

temperature well below Tg. 

 

6.11 Photorefractivity with and without chiral groups 
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There are chiral groups in polymers 1 - 4. Chirality is important when such 

materials are used as chirooptical switches. In this research, polymer 11 (chiral) and 12 

(non-chiral) were chosen to check if chirality is a relevant property in the PR effect. The 

structures of these two polymers are shown in Table 5.1. These two polymers also have 

high Tg, as shown in Table 6.3. 

Table 6.3 Characterization data of the investigated polymeric derivatives. 

Yield a) Mn 
b) Mw/Mn

b) Td 
c) 

Tg 
d) 

Sample 
% g mol-1

  °C °C 

11. Poly[(S)-MCAPP-C] 60 32900 1.5 345 195 

12. Poly[MCAPE-C] 65 53800 1.5 322 163 

a) Calculated as (g polymer/g monomer)·100, b) Determined by SEC in THF solution at 

25°C, c) Initial decomposition temperature determined by TGA in air at 20°C/min 

heating rate, d) Glass transition temperature determined by DSC at 10°C/min heating 

rate under nitrogen flow. 
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Fig. 6.14. Two-beam coupling experiment results at room temperature for polymers 11 (a) 

and 12 (b). Data for polymers 11 has been obtained from a sample containing 9.1 % of the 

plasticizer DPP. In both cases, the grating period was Λ = 3 µm, light wavelength λ = 

632.8 nm and the light intensity was I = 0.8 W cm-2. The inset in (a) and (b) are schematic 

illustrations of the experimental set-up. All data were rescaled to eliminate the effect of 

the decreasing total transmission during irradiation. 
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2BC experiments were carried out at room temperature on polymers 11 and 12 

using the set-up illustrated in Fig. 4.17. Ψ = 60° and θ = 10° (see Fig. 4.14 (b)). According 

to Eq. (4.7), the grating period was calculated to be Λ = 3 µm with n ≈ 1.6. Given the 

samples thicknesses between 39 µm and 42 µm, the experiments were performed in the 

Bragg diffraction regime.1 2BC results are shown in Fig 6.13. The gain coefficient was 

Γ = 84 cm-1 for polymer 11 and Γ = 139 cm-1 for polymer 12, of the same order of 

magnitude. The energy exchange in Fig 6.13 proves not only that both polymers exhibit 

PR properties, but also that the chirality is not a necessary requirement and has no 

substantial effect. 

 

6.12 Photorefractivity in azo-polymers without carbazole groups   

All the polymers showing PR behaviour illustrated above include a carbazole 

group in their structure, as shown in Table 5.1, and are photoconductors. However, 

although the carbazole group is not present in its chemical structure, polymer 15 is also 

photoconducting, as shown in Fig. 5.15. Because of its photoconductivity and of the 

presence of azobenzene groups, we tried to establish if polymer 15 might exhibit PR 

properties like the other polymers. Similar measurements were performed on polymer 16, 

which is non-racemic version of polymer 15. 

2BC experiments were carried out at room temperature on polymers 15 and 16 

using the set-up depicted in Fig. 4.17, with Ψ = 60° and θ = 10°. Sample thicknesses for 

polymers 15 and 16 were both d = 33 µm. According to Eq. (4.7), the grating period was 

calculated to be Λ = 3 µm with n ≈ 1.6. Given the sample thickness d = 33 µm, the 

experiments were performed in the Bragg diffraction regime. The 2BC results are shown 

in Fig 6.15. The gain coefficient is Γ = 135 cm-1 for both 15 and 16. The energy exchange 

proved that polymers 15 and 16 have PR properties. Hence, the carbazole group is not 

necessary for PR behaviour in azo-polymers. The photoconductivity and PR properties of 

15 and 16 should be compared with a recent report18 concerning a sol-gel material 

containing azo-moieties, in which a non-local holographic recording without 

photorefractive contribution is claimed, a conclusion based on the non-photoconductive 

properties of the material. As we have shown that photoconductivity can be exhibited by 

azo-compounds, such results might be considering differently, since even a very low 

photoconduction, below the detection limit of most measurement set-ups, might be 
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enough to trigger the onset of a photogenerated electric field, at least on long (tens or 

hundreds of seconds) time-scales. 
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Fig. 6.15. Two-beam coupling experiment results at room temperature for polymers 15 (a) 

and 16 (b). In all cases, the grating period was Λ = 3 µm, light wavelength λ = 632.8 nm 

and the light intensity was I = 0.8 W cm-2. The inset in (a) and (b) are schematic 

illustrations of the experimental set-up. All data were rescaled to eliminate the effect of 

the decreasing total transmission during irradiation. 

 

For all the polymers containing the carbazole moiety, given the standard 

experimental conditions (a given sample tilt and a given electric field direction) beam 1 

always gains energy from beam 2. However, using the same standard experimental 

conditions, for 15 and 16 the opposite energy exchange was observed in 2BC experiments, 

as shown in Fig. 6.15. Given the identical experimental conditions and the similar 

chemical structure, the only possible explanation of this behaviour is a different sign of 

the charge transporters, which is a fact known to affect the sign of energy exchange. As 1 

- 12 are hole conductors, due to the presence of the carbazole moiety, these results seem 

to suggest that charge transport in 15 and 16 might be due to electrons rather than holes. 

Further studies are necessary in order to confirm this hypothesis.   

 

6.13 Refractive index modulation mechanism 

As discussed in section 1.3.4, two different effects can modulate the refractive 

index, the reorientational effect and the electro-optic effect. Transient ellipsometry 

experiments, described in section 4.8, were carried out using polymer 1 to distinguish 
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whether the refractive index modulation is due to the reorientational effect, to the 

electro-optic effect or to both. The result is shown in Fig. 6.16 and the sharp decrease of 

the phase modulation of light with frequency shows that the reorientational effect is the 

only contribution to the refractive index modulation in polymer 1. 
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Fig. 6.16. Light intensity versus frequency in transient ellipsometry experiments:  

sample thickness d = 20 µm, AC + DC: 0-600 V. 

 

6.14 PR effect without external electric field 

The unique characteristic of the PR effect is its non-local nature arising from 

charge migration, which leads to a phase shift between the incident light intensity pattern 

and the refractive index modulation. The driving forces for carrier migration are diffusion 

due to concentration gradients and drift when a static electric field is applied.19 In addition, 

since in organics recombination can be the main final result after absorption, an external 

electric field is necessary to improve charge generation. Most polymeric materials are 

relatively good insulators, so that the ability of generated charges to move by diffusion 

alone is quite limited, and drift becomes the dominant mechanism,20 which also requires 

external electric fields, leading to significant restrictions on practical applications.21 

Considering this, organic polymers which are low-cost, stable, easy to prepare and can 

exhibit the PR effect at low external fields are interesting. 

We have illustrated above the PR behaviour in some azo-polymers in the presence 

of an external electric field. Usually, no PR effect can be observed without an applied 

field. However, 2BC gain has recently been reported in some PR polymeric materials 
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without an external field or prepoling,22-31 Such an effect was called ‘all-optical 

photorefractivity’.30 Considering the mechanism of all-optical photorefractivity, it is 

assumed that chromophores are oriented by a photoinduced electric field.23,24,26-29 For 

azo-polymers, it is assumed in addition that the synergism of the photoassisted poling of 

azo dyes and the space-charge field induced by the light intensity gradient along the light 

path may be responsible for the PR effect.32 Photoassisted poling effects in azo dyes have 

been studied by several groups.33-35 It has been suggested that in the presence of polarized 

light, the repeated trans–cis–trans photoisomerization can enhance the rotational mobility 

of the azo groups and make them rotate easily at weak electric fields. When the sample is 

illuminated by the interference pattern, a periodic space-charge field can arise. At the 

same time, light absorption, due to the dye, produces intensity attenuation along the light 

path and induces a gradient of the photogenerated charge density. Then the charge 

displacement will be driven by the gradient and a space-charge field along the light path 

will be obtained.36 These two kinds of space-charge fields may contribute to the local 

poling of the azo groups. While such an effect of symmetry breaking by space-charge 

field along the light path has been observed experimentally and explained theoretically in 

PR liquid crystal composites, the possibility of observing this effect in polymeric 

materials was also suggested.24,30 In this section, the PR properties without external field 

of the azo-polymers studied in this work will be discussed. 

The same set-up as shown in Fig. 4.17 was used to check the PR behaviour of 

these azo-polymers, but without external electric field. 2BC experiments were carried on 

polymers 1, 2, 11, 12, 15 and 16 at room temperature without external electric field. For 

all cases, Ψ= 60 o and θ = 10o. The results are shown in Fig. 6.17, and the energy exchange 

for each polymer clearly proved their PR property without external electric field. The 

energy exchange for each polymer was comparable to the result in 2BC with external 

electric field. 

For 2BC experiments without external electric field, the direction of energy 

exchange was not fixed. Sometime the transmission intensity of beam 1 increased and 

sometime it decreased. The mechanism of the PR effect without an applied field in our 

materials is still an open question and further study should be performed in order to reach 

its full understanding. 
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Fig. 6.17. 2BC without external electric field at room temperature for polymers (a) 1, (b) 

2, (c) 11, (d) 12, (e) 15, (f) 16. The intensities of beam 1 and beam 2 were 0.8 W cm-2 for 

all cases. All data were rescaled to eliminate the effect of the decreasing total transmission 

during illumination. 
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6.15 Conclusions 

In this chapter, we have shown that the PR behavior of nonpoled azo-polymers 

can be observed at temperatures more than 100 ℃ below their Tg. Some conclusions 

related to such observation follow: 

1) Light-induced chromophore reorientation can be obtained in these high Tg 

azo-polymers at room temperature. 

2) The absorption of the azo-polymers will increase after irradiation, as shown in Fig. 6.5 

and 6.6. 

3) In polymer 1, the azobenzene and carbazole group were linked to each other on the 

same side-chain. In polymer 2, the two groups are separated and they reside on 

different side-chains. The chiral spacer in polymer 2 is also different from that in 

polymer 1. However, the energy exchange shown in Fig. 6.7 (b) indicates that 

polymer 2 also exhibits a gain of the same order as that of polymer 1, which means 

that the PR performance depends neither on the fact that different functionalities 

reside on the same side-chain, nor on the nature of the chiral spacer. 

4) The energy exchange can be inverted by inversing external electric field, as shown in 

Fig. 6.8. 

5) The PR speed can be greatly improved by using wavelengths closer to the absorption 

peak of azobenzene. This is evident by comparing the results shown in Fig 6.7 (a) and 

Fig. 6.12. 

6) The reorientational effect is the only contribution to the refractive index modulation in 

the PR effect of these high Tg, nonpoled azo-polymers. 

7) High Tg azo-polymers without carbazole groups were found to be photoconducting for 

the first time. Because of their photoconductivity, they can also exhibit the PR effect 

at temperature well below Tg without prepoling. 

8) Although light activated conformational mobility of azo groups is a necessary 

requirement for the PR effect at temperatures below Tg, the interaction between the 

strong dipole moment and electric field (external electric field + space charge field) is 

also necessary in order to encode a phase-shifted hologram, via the reorientation of 

polar chromophores. Our data indicate that the refractive index modulation is based 

not simply on the trans-cis isomerization of azo groups, but on a chromophore 

reorientation process induced by the electric field and assisted by the 
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photoisomerization, as shown in Fig. 6.13.  

9) Comparable energy exchange can be obtained in 2BC at room temperature on the high 

Tg azo-polymers with and without external electric field. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 6                                                              Results: photorefractivity 

133 

BIBLIOGRAPHY 

1. T. Ikeda. J. Mater. Chem., 2003, 13, 2037. 
2. Y. L. Yu, T. Ikeda. J. Photochem. Photobiol. C: Photochem. Rev., 2004, 5, 247. 
3. Y. Zhao, T. Ikeda. Smart Light-Responsive Materials:Azobenzene Polymers for 

Photonic Application. John Wiley & Sons: New York, USA 2009. 
4. C. Cojocariu, P. Rochon. Pure Appl. Chem., 2004, 7-8, 1479. 
5. P. Rochon, E. Batalla, A. Natansohn. Appl. Phys. Lett., 1995, 66, 136. 
6. T. Pedersen, P. Johansen, N. Holme, P. Ramanujam, S. Hvilsted. Phys. ReV. Lett., 

1998, 80, 89. 
7. J. G. Meier, R. Ruhmann, J. Stumpe. Macromolecules, 2000, 33, 843. 
8. I. Zebger, M. Rutloh, U. Hoffmann, J. Stumpe, H. W. Siesler, S. Hvilsted. 

Macromolecules, 2003, 36, 9373. 
9. A. Eisfeld, J. S. Briggs. Chem. Phys., 2006, 324, 376. 
10. T. K. Gaylord, M. G. Moharam. Appl. Opt., 1981, 20, 3271. 
11. P. Yeh. Introduction to Photorefractive Nonlinear Optics. John Wiley & Sons: New 

York, USA 1993. 
12. O. Ostroverkhova, W. E. Moerner. Chem. Rev., 2004, 104, 3267. 
13. C. A. Walsh, W. E. Moerner. J. Opt. Soc. Am. B, 1992, 9, 1642. 
14. A. Grunnet-Jepsen, C. L. Thompson, W. E. Moerner. Opt. Lett., 1997, 22, 874. 
15. M. Liphardt, S. Ducharme. J. Opt. Soc. Am. B, 1998, 15, 2154. 
16. A. Grunnet-Jepsen, C. L. Thompson, W. E. Moerner. J. Opt. Soc. Am. B, 1998, 15, 

905. 
17. H. Ono, T. Kawamura, N. M. Frias, K. Kitamura. Appl. Phys. Lett., 1999, 75, 3632. 
18. F. Gallego-Gómez, F. D. Monte, K. Meerholz. Nature Materials, 2008, 7, 490. 
19. P. Günter. Phys. Rep., 1993, 93, 449. 
20. W. E. Moerner, Scott M. Silence. Chem. Rev., 1994, 94(1), 127. 
21. N. Tsutsumi, J. Eguchi, W. Sakai. Optical Materials., 2006, 29, 435. 
22. C. J. Chang, H. C. Wang, G. Y. Liao, W. T. Whang, J. M. Liu, K. Y. Hsu. Polymer, 

1997, 38, 5063. 
23. P. Cheben, F. Monte, D. J. Worsfold, D. J. Carlsson, C. P. Grover, J. D. Mackenzie. 

Nature, 2000, 408, 64. 
24. G. Gipparrone, A. Mazzulla, P. Pagliusi. Opt. Commun., 2000, 185, 171. 
25. J. W. Lee, J. Mun, C. S. Yoon, K. S. Lee, J. K. Park. Adv. Mater., 2002, 14, 144. 
26. W. E. Douglas et al. Phys. Chem. Chem. Phys., 2002, 4, 109. 
27. R. Zheng, Y. Zhao, K. Min, C. Wang, F. Li. Chin. Phys. Lett., 2002, 19, 795. 
28. L. Y. Li, Y. Y. Zhao, F. M. Li, J. Yang, G. R. Chen, C. C. Wang. Chin. Phys. Lett., 2004, 

21, 1535. 
29. M. M. Huang, Z. J. Chen, J. Zhang, Q. Wei, Y. H. Liu, Q. H. Gong et al. Chin. Phys. 

Lett., 2004, 21, 1969. 
30. M. M. Huang, Z. J. Chen, J. Shi, S. K. Cao, Q. H. Gong. Chin. Phys. Lett., 2006, 23, 

2468. 
31. L. Y. Ding, D. S. Jiang, J. Huang. Journal of Wuhan University of Technology-Mater. 

Sci. Ed., 2007, 22, 638 
32. L. Zhang, J. Shi, Z. Yang, M. M. Huang, Z. J. Chen, Q. H. Gong, S. K. Cao. Polymer, 

2008, 49, 2107. 
33. Z. Sekkat, M. Dumont. Appl. Phys. B, 1992, 54, 486. 
34. Z. Sekkat, J. Wood, E. F. Aust, W. Knoll, W. Volksen, R. D. Miller. J. Opt. Soc. Am. B, 

1996, 13, 1713. 



Chapter 6                                                              Results: photorefractivity 

134 

35. T. Enomoto, H. Hagiwara, D. A. Tryk, Z. F. Liu, K. Hashimoto, A. Fujishirma. J. Phys.  

Chem. B, 1997, 101, 7422. 
36. F. Simoni, G. Cipparrone, A. Mazzulla, P. Pagliusi. Chem. Phys. 1999, 245, 429. 

 

 


