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Abstract

The chapter reviews recent progress of two-wave mixing in a novel organic-inorganic
hybrid structures that combine essential properties as large anisotropy and strong bire-
fringence, typical for organics with the excellent photosensitivity and photoconductivity
of inorganics into single, compact devices. Depending on the designed assembly and
operation principle, the proposed structures can record dynamic holographic gratings at
Raman-Nath or Bragg regimes of diffraction, respectively. When the two beams interact
in a structure based on a photoconductive material and birefringent layer (usually liquid
crystal), the beam coupling with high amplification values occur in a liquid crystal layer,
however, the fringe period of recorded holograms is limited to few um scale. In contrast,
when the two beams interact in a structure based on a photorefractive material and bire-
fringent layer, the beam-coupling occurs in both composites, due to the surface activated
photorefractive effect. The prime significance of the later structure is the ability to act as
a holographic grating at Bragg regime allowing sub-micron spatial resolution. Moreover
they are easy and simple to fabricate where the processes are all optically controlled. The
above examples open scenarios to design new devices that meet the latest requirements
of 3D display technologies and optical information processing.

Keywords: liquid crystals, inorganic crystals, beam amplification, Raman-Nath
diffraction, Bragg diffraction, photorefractive effect, space-charge field

1. Introduction

The demand to develop advanced functional devices with fast operation speed, high memory
capability, submicron spatial resolution and low energy consumption continuously tends to
increase. For example, to reach a wide viewing angle, the pixel pitch of the recording media
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needs to be comparable or smaller than the wavelength of the light. Another approach is to
design all optically controlled devices for light control and manipulation. All these features
make the combination between outstanding properties as large anisotropy and strong birefrin-
gence typical for organics (offering easy processing, large structural flexibility and low cost)
with the excellent photosensitivity and photoconductivity of inorganic materials (providing
mechanical stability and energy gap manipulation) attractive to design single, compact struc-
tures with enhanced functionality. Moreover, an emergent need of devices sensitive at the
near-infrared spectral range (the required illumination for biological and medical samples) is
of particular importance for biomedical sensing and with significant impact for the society.
In that aspect, the holography, due to its unique nature, is expected to play an essential role.

The following chapter is focused on the two-wave mixing in organic-inorganic hybrid struc-
tures and dynamic holography recording resulting to formation of light-induced gratings.
The two-wave mixing (denoted also as a two-beam coupling) takes place in a variety of non-
linear media as photorefractive materials (the photorefractive effect refers to refractive index
modulation in response to light), third-order non-linear media (as Kerr media) or semicon-
ductor amplifiers. The two-wave mixing is expressed by two beam interactions, forming an
interference pattern, which is characterized by periodic spatial variation of the light-intensity
distribution. Its main significance is the ability of unidirectional optical energy exchange
between the two beams (gain amplification) allowing weak beam to grow exponentially with
the distance, which opens various opportunities for designing a new structures and elements
for practical realizations.

Depending of the organic-inorganic hybrid structure design and in more particular how the
inorganic material control the dynamic grating formation, they can operate at Raman-Nath or
Bragg match regime of diffraction:

i) Generally, the organic-inorganic structures are assembled by photoconductive material
(usually inorganic crystal) and birefringent material (liquid crystal [LC] or polymer
dispersed liquid crystal [PDLC]). Their operation principle relays on electro-optically
controlled birefringence of the liquid crystal molecules that allows spatial modulation of
the amplitude or the phase of incident beam. In such configuration, the inorganic crystal
serves as a photoconductive layer, which controls the LC molecules alignment and allows
subsequent light modulation. As a result, the two-wave mixing happens in a LC layer
with very high amplification values; however, the fringe period of the recorded holo-
grams is limited to few micrometer scales (Raman-Nath regime of diffraction). Usually,
this type of hybrid structures is known as electro-optically controlled devices.

ii) Recently, a novel type of organic-inorganic structures has been proposed assembled by
photorefractive material and birefringent layer (LC or PDLC). Their operation principle
relays on surface-activated photorefractive effect and more specific on the photo-generated
space charge field, acting as a driving force for LC molecules reorientation and subse-
quently the refractive index modulation. The prime significance is the fact that the two-
wave mixing happens in both photorefractive and birefringent layers, where the charge



Two-Wave Mixing in Organic-Inorganic Hybrid Structures for Dynamic Holography
http://dx.doi.org/10.5772/67190

carrier migration, high-trap density and space-charge field come from the inorganic
substrate, whereas the beam amplification is provided by the LC layer. As a result, the
proposed hybrid structures act as dynamic holographic grating at Bragg match regime
allowing sub-micron spatial resolution. Moreover, the above configuration is easy and
simple to fabricate (no need of conductive layer deposition [and in a case of PDLC, no
need of alignment layers and polarizers]), and all the processes are controlled only by the
action of light. Therefore, they are noted as all optically controlled hybrid devices.

The chapter is organized as following: at the beginning, a brief introduction of two-wave
mixing and gain amplification phenomena as a consequence from the non-linearity of pho-
torefractive effect will be reviewed. The main significances of the optical energy exchange and
phase shift between the interference pattern and refractive index grating are discussed. Next,
the two-wave mixing in two types of organic-inorganic hybrid structures (electro-optically
controlled and all optically controlled) will be presented and compared. Examples as opti-
cally addressed spatial light modulation devices; in dynamic holography and image process-
ing are demonstrated and discussed. In concluding remarks, further prospective to design
varieties of novel all optically controlled hybrid devices will be discussed.

2. Raman-Nath and Bragg match regimes of diffraction

The interaction between two coherent laser beams inside the photosensitive material gen-
erates a light-intensity fringe pattern of bright and dark regions (sinusoidal light intensity
pattern) expressed by [1, 2]:

I(x)=1,[1+mcos(Kx)] (1)

where I, and I, are the intensities of both beams, I is the total intensity I = (I, + 1,) and m is the
. . (L))"
light modulation, m = 2——.

The created diffraction grating is defined by the two interfering beams and their spatial
coordinates, determined by the grating wave vector K = 2rt/A and the spatial fringe period
A = 251%, where A is the wavelength, and 0 is the external half angle between of the intersec-
tion beams. After propagation through the medium, the same beams diffract from the holo-
graphic grating, which they formed.

The light diffraction phenomenon from periodic structures has been extensively discussed in
the past and defined to two regimes of diffraction: (i) Raman-Nath regime (when several dif-
fracted waves are produced named thin grating) and (ii) Bragg matched regime (when only
one diffracted wave is produced named thick or volume grating) [1, 2].

Briefly, in Raman-Nath regime, after interacting with the grating, the incident beam is split
into several beams resulting in different orders of diffraction (see Figure 1(a)). As a conse-
quence, there are several diffracted waves produced 0, +1, +2, +3,... +m, which correspond
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to the wave vectors k, k + K; k + 2K; k + mK, where k is the wave number of light beam in
the medium and K is the grating wave vector. The diffraction efficiency for the Raman-Nath
diffraction is given by [1]

n, = J20) = J2(32ks 2)

where | (0) is the amplitude of the mth order diffracted beam, expressed by Bessel’s function
(6 is expression of modulation index corresponding to the multiple scattered orders), n is the
refractive index of the medium and L is the interaction thickness [3, 4].
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-

Figure 1. Raman-Nath (a) and (b) Bragg matched regime of diffraction [1].

In a Bragg regime, after interacting with the grating, only one diffracted wave is produced, and
the diffraction occurs only when the incident angle satisfies the Bragg conditions [1-4] (both
the energy and momentum are conserved)—see Figure 1(b).

The simplified diffraction efficiency (in case of transmission type, sinusoidal phase grating) is
given by [2]

. L
n=st nz(XZZse )

Generally, Klen-Cook dimensionless parameter has been accepted as distinguishing factor
between the Raman-Nath or Bragg regimes of operations, defined by [5]:

Q= s 4)

Although this parameter has been extensively used as a criterion which regime to apply (Q<1
for Raman-Nath or Q > ~1 for the Bragg-matched regime), it requires several limitation of the
grating strength [6].
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3. Two-wave mixing and optical gain amplification in photorefractive media

The two-wave mixing appears in variety of non-linear media, and owing to its wide range
of applications, it has been extensively studied in a past [7-10]. In general, the two-wave
mixing is described by two beam interactions inside the photosensitive material, forming a
light interference pattern (index grating). As a result, the two beams diffracted by the index
grating they created in a way that in one direction, the diffracted and transmitted intensities
provide constructive interference (with higher resultant intensity), whereas in the other direc-
tion, the beams experience destructive interference (with lower resultant intensity). Thus, the
most significant importance of the two-wave mixing is the energy exchange between the two
interacting beams.

The light illumination in a photosensitive material causes generation of free charge carri-
ers and their redistribution from the regions of high intensity to those of low intensity
(see Figure 2). This net migration leads to inhomogeneous charge distribution and accumula-
tion of an internal electric field known as a space charge field E_. Actually, this space charge
field is of key importance for the photorefractive effect and can play significant role for the LC
molecules reorientation as discussed further.

Briefly, the space charge field is expressed by the following set of well-known equations [1, 7, 8]:

ON ON, 1

o ot eV (5)
ON} . '
5t = (N,=Np)sl-y NN, (©)
= Juip * Jigsion = ENRE K, T VN @)
V ¢E_ = p(r)=—q(N+NA—NZ’)) (8)

where e is the electron charge, N is density of main charge carriers, N is total donor density,
N, is ionized donor density, N, is density of acceptors, s is absorption cross section of excita-
tion, y, is ionized trap recombination rate, u is mobility, | is current density, p is charge den-
sity, ¢ is dielectric constant, k, is Boltzmann constant and T is the temperature. In Egs. (5)—(8),
Eq. (5) is the rate equation of the main carriers density; Eq. (6) is the rate equation of ionized
donors (the first term is the rate of main carriers generation and the second term is the rate
of the trap capture); Eq. (7) is the current density equation (if neglect the photovoltaic effect);
and Eq. (8) is the Poisson equation.

The first term in Eq. (7) is expressed by the drift of the charge carriers due to the space charge
field E_ and the second term is a diffusion, due to the gradient of the charge carrier density,

2

e
4rtuk, T

E 1/2
expressed by the diffusion length L = (?Dy TD> ; where 7 = is the diffusion time and
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Figure 2. The photorefractive effect: (a) two-beams interference; (b) photo excitation process (intensity pattern); (c)
charge transport; (d) space-charge distribution; (e) space-charge field and (f) index grating formation.
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E=KD

Kk
. = = T is the diffusion field. The magnitude of the E_ depends on several materials

parameters, among which the Debye screening length L = <% kZZT > 2 and effective trap density
(N, =N, '

N, =%

In liquid crystals, the drift is the dominant mechanism for the charge carrier migration
due to the small trap density of organics. In contrast, the diffusion is the dominant mech-
anism for inorganic materials and the rate at which the recombination happens determine
how far the main charge carrier diffuse and how strong is the refractive index modula-
tion. For instance, inorganic crystals offer several orders of magnitude higher concen-
tration of effective trap density in contrast to the LCs and therefore are able to support
formation of the small grating spacing and Bragg match regime of diffraction as will be

discussed later.

As a result of charge migration and redistribution, the space charge field in combination
with the electro-optic effect modulates the refractive index of the media via the Pockel’s
effect [1, 8, 9]:

A(5) = ks ©)

where r,, is the electro-optic coefficient.

The recorded refractive index grating can diffract light, with the diffraction pattern recon-
structing the light-intensity pattern, originally stored in the media. Therefore, the index
grating created in the photorefractive material is a “volume phase hologram”, which can be
written and erased by light, making photorefractive materials fully reversible. Thus, the pho-
torefractive materials have the ability to detect and store spatial distributions of optical inten-
sity in the form of spatial patterns of modulated refractive index.

The most significant consequence from the photorefractive effect is the phase shift between
the light-intensity pattern and internal spatial pattern where the later one shifted in respect
to the intensity distribution by 7/2 period (see Figure 2). This 7t/2 phase shift induces an opti-
cal energy exchange between the two interacting beams (beam amplification) and refers the
photorefractive effect as non-local, non-linear effect [2, 7, 8]. Therefore, when two interfering
beams have different intensities noted as respectively I_ “signal” beam (with lower intensity)
and I, “pump” beam (with higher intensity), due to destructive and constructive interference,
the unidirectional transfer of optical energy allows a weak beam to grow exponentially with
the distance. As a result, at the exit of the medium, the signal beam is not only amplified but
also experienced a non-linear phase shift.

The interaction between the two coherent laser beams inside the photosensitive material
(assuming the grating wave vector K directed along the x axis) gives the total electric field of
the two incident beams

E = Aexplilk,.r-w,t)] +Aexpli(k,.7-w,t)] (10)
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(where AL2 are the beam amplitudes; x, and «, are the wave vectors K= Ix, - «x,|; r and t are
spatial and temporal coordinates; w, and w, are the angular frequency (Aw = w, - w,) and 6 is
the frequency detuning between the two beams) and generates a light-intensity fringe pattern
of bright and dark regions (sinusoidal light-intensity pattern) described as [1, 7, 8]:

2 2
1= |A| +|A| +{A A expli-Kx + D] +c.c.} (11)

In fact, Eq. (11) represents the spatial variation of the intensity pattern inside the photosensi-
tive media that generates and redistributes the charge carriers and accumulates the space
charge field.

As a result, the refractive index grating, summarized by Refs. [8, 9], can be written by:
An = n +{An, A A expli(-Kx+5t+®)] +c.c.| (12)

where @ is the phase difference between the refractive index grating and interference pattern,
n,is the refractive index without the light and the A n, is amplitude of index modulation.

By using the couple-mode theory [1, 11], the quantitative measure of the beam-coupling is
expressed by the gain coefficient I [1, 8, 9]

2ntA n,

I= AcosO

sing (13)

Experimentally, the gain coefficient can be measured by the ratio

1 Is/In
I = Eln Islp/ (14)

where [ "o 18 the transmitted intensity of the pump (signal) beam with a coupling, and L is
the transmitted beam intensity without coupling.

The general parameter characterizing the gain is the gain amplification G, given by:
1
G =q1loglT] (15)

where L is the interaction length of the media.

In last decades, the two-beam coupling effect has been widely investigated in varieties of
organic and inorganic compounds [1, 7-13]. In terms of organics, the electro-optic response
and the build-up of a refractive index grating in liquid crystals arise from the reorientation
of LCs molecules due to an induced space charge field. This effect is known as “orientational
photorefractive effect” or “photorefractive-like effect” [12]. For most applications, an exter-
nal electric field needs to be applied along the grating vector direction, since the drift is the
dominant mechanism for the charge migration in LC systems. LCs or PLDCs provide very



Two-Wave Mixing in Organic-Inorganic Hybrid Structures for Dynamic Holography
http://dx.doi.org/10.5772/67190

high amplification gain (up to 2600 cm™ [14]); however, the large grating spacing and small
trap density, typical for organics restricted the two-beam coupling to the Raman-Nath regime

of diffraction. Therefore, due to the multiple orders of diffracted beams, which accumulate
the optical losses, the energy lost limits many of the practical uses.

In terms of inorganic crystals, the direction of the optical energy transfer depends on the sign
of the electro-optic coefficient and the sign of the main charge carriers. Up to now, the highest
gain coefficient (over 100 cm™) has been reported in Fe-doped LiNbO, crystal due to its large
refractive index modulation An ~ 2 x 107 [15]. Relatively high beam amplification has been
achieved in SBN and BaTiO, inorganic crystals [7, 10]. In Bi (M = Si,Ti)O,, sillenite crystals,
the gain coupling is much lower due to the smaller values of the electro-optical coefficient,
restricted by the cubic symmetry [16]. However, doped sillenite crystals offer the potential for
high-carrier mobility (high photoconductivity) and together with the high-trap density can
compensate the small-trap density of LCs when combined into a hybrid structure to support

the fine grating spacing and to fulfil the requirements for Bragg-matched regime of diffrac-

tion. Furthermore, by selecting the photorefractive substrate sensitivity, the operation inter-
val of the proposed hybrid devices can be easily adjusted. Moreover, doping sillenites with

transition metal elements significantly improve their sensitivity and response time at near-
infrared spectral range [17-22].

4. Organic-inorganic hybrid structures operating at Raman-Nath regime
of diffraction

4.1. Organic-inorganic structure design and principle of operation

This type of organic-inorganic hybrid structure consists of photoconductor substrate (usually an
inorganic crystal plate with 0.4-0.6 mm thickness) and electro-optic layer (few microns thickness)
arranged into a cell, supported by a glass substrate from another side (see the schematic diagram
at Figure 3(a)). Selected inorganic crystals stand as photoconductors, whereas a LC layer is used
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Figure 3. (a) Experimental set-up for voltage-transmittance measurements. The hybrid structure is placed between two

crossed polarizes making an angle of 45° with respect to the transmission axis of the polarizer (b) Example of Voltage-
Transmittance dependence for BSO:Ru/LC structure with graphene-based electrodes.
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as electro-optic material. The proposed configuration is also known as optically addressed spa-
tial light modulator (OASLM) structure. As the read-out process can provide an optical gain, the
OASLMs have been also considered as a liquid crystal light valve (LCLV) devices.

Bi, SiO,, (BSO) and Bi ,TiO,, (BTO) crystals are among the perfect components for OASLM
devices due to their remarkable photoconductivity and high charge carrier mobility. For a
first time, non-doped BSO crystal was assembled with a LC layer into a LCLV, working at
transmittance mode by Aubourg et al. [23]. Later on, several devices operating at visible spec-
tral range have been demonstrated [24-26]. Other preferable photoconductor substrates are
semiconductors as a-Si:H, crystalline silicon, gallium arsenide, indium phosphate and cad-
mium tellurite [27, 28]. Usually, transparent indium tin oxide (ITO) conductive layers are pre-
liminary deposited on the outer side of the photoconductive plate and the inner side of glass
substrate and coated with polyvinyl alcohol (PVA) for planar alignment of the LC molecules.
Recently, owing to the ITO limited transparency at near infrared spectral range and increased
cost because of the Indium scarcity in the nature, ITO has been successfully replaced with
graphene conductive layers, and several graphene-based devices have been successfully dem-
onstrated [29, 30].

The operation principle of OASLM device relays on the electro-optically controlled birefrin-
gence of the LCs molecules where the high sensitivity and photoconductivity comes from the
photoconductive plate and high birefringence is provided by the LC layer [2, 31]:

(i) when an external AC voltage (V) is applied across the device (Figure 3(a)), the applied
voltage acts through the photoconductor substrate because of its high resistance. Since
the LCs molecules have different polarizability along their long and short axis, the ap-
plied voltage induces a dipole moment in the LC layer, which affects the LC molecules
orientation, and they follow the direction of the applied electric field. As the LC nematic
phase is characterized by a long-range orientation order, all the LC molecules tend to
align along the nematic LC director i . Therefore, when the structure is placed between
the crossed polarizers, “on” and “off” illumination states are obtained (Figure 3).

(ii) I[lumination with the input pump beam activates the photoconductor substrate, and charge
carriers are generated at a rate proportional to the pump intensity. Owing to the crystal’s
high photoconductivity and high dark resistivity, the charge separation decreases the volt-
age across the photoconductor, and it reduces its impedance. As a consequence, the accu-
mulated voltage is transferred into the LC layer, resulting in a LC molecular reorientation.

Owing to the LC's anisotropy, the output beam obtains a phase shift

@ = 2777(718—110)14 (16)

which is a function of the applied voltage V, and the pump light intensity I:

1. >
—Zszn[ T

NS

I = Zsin? (17)
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where L is the LC thickness, n, and n, are refractive indexes for a beam polarized along the
long or short molecular axis An = n(l) - n, and @ is the phase retardation [2]. This allows
spatial modulation of the amplitude or phase of the incident beam at the exit of device (see
Figure 4(a)). During the full range, the reorientation angle of the LC molecules can vary from
0 to /2, producing a phase shift of several m.

Figure 3 illustrates the experimental set-up and the typical Freedericksz transition character-
istics of BSO:Ru/LC device with graphene electrodes, operating at 1064 nm. The modulation
behaviour supports the LC molecules alignment in the direction of an applied AC voltage
across to the cell. Figure 4 shows the phase modulation set up and phase difference for the
same BSO:Ru/LC device at fixed voltage of 4 V (according to the results at Figure 3(b)).
The probe-pump intensity dependence is presented as inset at Figure 4(b).
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Figure 4. (a) Experimental set-up for phase shift measurements and (b) Phase difference as a function of a pump light
intensity (fixed at 4V according to the results from figure 3(b)) for BSO:Ru/LC device. Inset graph shows the probe-pump
intensity dependences.

Obviously, the light-induced modulation formed in the photoconductive substrate is the driv-
ing force, which affects the LC molecules realignment and spatially modulates the refractive
index of LC layer.

4.2. Two-wave mixing and Raman-Nath regime of diffraction

For a first time, energy transfer using two-wave mixing has been demonstrated by Brignon
et al. [32] in a device assembled by BSO photoconductive crystal and LC layer. The recorded
holographic gratings were not typical local dynamic grating as generally supposed to be cre-
ated from the photoconductive substrate. The two-beam interaction has been described as a
diffraction of the two beams on a fixed thin local grating (the index grating formed in LC),
which is pinned to the conductivity grating [32]. Since the photoconductive and the electro-
optic regions are separate, the photo-induced grating is not modified by the interacting beams
during their propagation in the LC layer. Later on, beam amplification in LCLV devices has
been verified and reported in several papers [19, 21, 23-26, 33]. Recently, significant gain
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amplification values have been obtained in hybrid structures based on semiconductor crystals
as GaAs doped with Cr [33, 34] or CdTe [35].

The interference between the pump and signal beam, expressed by their amplitudes
Eexp[i(k -r=w -t)] and Eexp[i(k r-w t)], produced an intensity fringe pattern that induces a
space-charge distribution and consequently a molecular re-orientation pattern in the LC layer.
The interaction creates a refractive index grating with the same wave vector K, and as a result,
the two beams diffracted by the photo-induced grating with spatial grating period of A =2m/K.

In these hybrid structures, the active layer is the LClayer; therefore, the interaction length is suffi-
ciently thin to satisfy the energy and momentum conservation before exiting the medium [1, 2].
As aresult, the two-beam coupling occurs in a Raman-Nath regime of diffraction (the LC layer
is much thinner in comparison with the grating spacing L << A). Consequently, the phase grat-
ing recorded in the LC layer acts as a thin hologram with a multiple output beams.

A detailed analysis of the two-wave mixing and expression of the zero and m-output dif-
fracted orders is given in Ref. [24] where the evolution of the amplitude of the refractive index
grating and relaxation dynamic of the LC molecules orientation has been considered, using
the couple-wave theory [1, 11]. We note that the output signal beam according to Refs. [24, 36]
can be written in a form:

Eoiput = \/G_Isexp(i(p)exp[i(ks.r—ws t)] +tc.c (18)

where G is the gain amplification and ¢ is the non-linear phase shift.

Figure 5 demonstrates the two-wave mixing in BTO:Rh/LC hybrid structure using 1064-nm
diode laser. The right side of Figure 5 supports the Raman-Nath diffraction with several dif-
fracted beams (0, +1, +2,...) at the output of the hybrid device, detected on the infrared view card.

L Legend: M- marror, i/2- half-wave plate
- As BE- beam expander, L- lens,
PBS- polarizing beam splitter

E,

I

infrared viewer card

Figure 5. Two-wave mixing at Raman-Nath regime of diffraction (E, and E, are the amplitudes of the pump and signal
beams) allowing high-gain amplification values (LC layer acts as thin hologram) at 1064 nm. Right side: Raman-Nath
orders observed on a view card for BTO:Rh/LC device with graphene electrodes.
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Experimentally, the gain parameter G has been measured by monitoring the intensities of two
interfering beams as G = [ /I, where I_is the input signal intensity (without pump light) and
1, is the amplified signal after the device. For example, at an interaction angle of 2.5°0 (12-um
grating period), the gain amplification for BTO:Rh/LC structure is G=4.1 at 1064 nm. The gain
coefficient of I' ~ 1180 cm™ has been calculated by the relation I =1 e'", which is among the
highest value reported until now for hybrid devices, operating at near infrared spectral range.
Very recently, a gain amplification of 17 has been achieved at GaAs-based hybrid structure at
1064 nm with optimized thickness of the LC layer [33].

4.3. Applications

Based on the ability to record dynamic phase holograms, the reviewed electro-optically con-
trolled structures found applications as optically addressed spatial light modulator devices,
light-valve structures, to control the fast and slow components of light, in adaptive interfer-
ometry and metrology, and so forth [33-37].

When the address beam (incoherent image) is projected into photoconductive substrate, due
to its high photoconductivity and high dark resistivity, the crystal reduces its impedance and
accumulated voltage is transferred to the LC layer, resulting in LC molecular reorientation.
Hence, the intensity distribution of the address beam in the photoconductor has a subsequent
connection with the voltage distribution in the LC layer. This is the way how the “optical
addressing” is realized. Consequently, when the two interfering beams intersect inside the
hybrid structure, dynamic phase holograms can be addressed into the liquid crystal layer.

Based on the phase modulation ability, an evolution of image propagating on BTO:Rh/LC
device is demonstrated. Figure 6 shows an image of the character “A” addressed on BTO:Rh/
LC device at the beginning of the process and its time evolution at 50 and 100 ms. The response
time of the hybrid device is limited by the response of the LC molecules (100-150 ms) since the
response of BTO:Rh crystal is much faster (20-30 ms) at the near infrared spectral range [21].

Legend:
BE-beam expander; M - mirror;
L - image lens; P — polarizer; A - analyzer
L
L

b; o
L 7 50ms

. [ CCD

Figure 6. Optical setup for modulated pump light intensity demonstration in BSO:Ru/LC device with graphene
electrodes using 1064-nm pump light.



492

Holographic Materials and Optical Systems

Besides display applications, the Raman-Nath diffraction with multiple output order beams
has been successfully applied to control the fast and slow components of light propagation [36].
Different group delays have been obtained depending on the output order and frequency
detuning between the pump and signal beam. Varieties of applications in interferometry,
optical signal processing, precision metrology and optical sensing are demonstrated [33-37].

5. Organic-inorganic hybrid structures operating at Bragg matched
regime of diffraction

5.1. Organic-inorganic hybrid structure design and principle of operation

For most practical realizations, the organic-inorganic structures required to operate at the
Bragg matched regime of diffraction, for which the phase matching conditions are satisfied
only in one direction. It turns out that selected inorganic photorefractive crystals possesses
sufficiently large effective trap density to support efficient space-charge generation necessary
to reach the Bragg regime (in comparison with conventional LC cell where the low trap den-
sity of LCs is the limitation). In Bragg regime of diffraction, the grating period A is comparable
with the LC layer thickness (A ~ L) and the hybrid structure acts as a dynamic thick grating.

Generally, this kind of hybrid structure is assembled by photorefractive crystal substrate and a
glass substrate, arranged into a cell, filled with liquid crystal or polymer-dispersed liquid crystal
layer (PDLC consists of micron-sized droplets of LC molecules randomly dispersed in transpar-
ent polymer matrix [38]). The fabrication procedure is very simple and easy, without necessity
of conductive layers deposition (external voltage application (and in case of PDLC no need of
alignment layers and polarizers)) in contrast to the previously reported devices in Section 4.

The operation principle relays on the unique property of surface-activated photorefractive effect:
the photo-generated charge carriers (inside the inorganic substrate) induce a space-charge field,
which penetrate into the LC layer and interact with the LC nematic i _ director. As a result, the
refractive index of LC layer changes which control the light-intensity distribution by producing
the diffraction grating. In this hybrid configuration, the two-beam coupling happens at both
the photorefractive substrate and LC layer where the charge migration, trap density and space-
charge field come from the crystal substrate, whereas the high-beam amplification is provided
by the LC layer. Hence, all the processes are controlled only by the action of light.

First, Tabiryan and Umeton theoretically proposed the idea about the surface-localized elec-
tromagnetic field in organic-inorganic hybrid structures [39]. In their concept, the photo-gen-
erated evanescent electric field combines with the LC director through the LC anisotropy.
This electric space charge field plays the essential role as it acts as a driving force for LC
molecules re-orientation and subsequent refractive index modulation. Figure 7 shows the
schematic presentation of the above idea.

After Tabiryan and Umeton prediction [39], detailed theory of the beam energy exchange was
developed by Jones and Cook [40], according to which the coupling between the space charge
field and LC director is caused by the LC static dielectric anisotropy. It predicts that maximal
beam coupling occurs when the grating spacing has similar order as LC thickness; however,
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photorefra/ctive substrate

Figure 7. Surface activated photorefractive phenomena [41]. The photo-induced space charge field (indicated with
arrows) penetrates into the LC layer and reorient the LC molecules, resulting in a change of the effective refractive index.

experimentally, the maximum coupling happens at much smaller grating spacing than the LC
thickness [40]. Later on, Reshetnyak et al. [41] extend the theory summarizing that the expo-
nential gain amplification is a final product of three main components: (i) the beam interfer-
ence term, (ii) the flexoelectric polarization term of LC (that have upper contribution than the
LC static dielectric anisotropy, assumed in Ref. [40]) and (iii) the photo-induced space-charge
term. In addition, Evans and Cook [42] performed systematic study and initiate the two nec-
essary conditions to achieve the two-beam coupling at Bragg regime: the LC molecules must
be pretilted (asymmetrically aligned) and the LC electrical polarity must be sensitive to the
direction of the space-charge field. These conditions enable the refractive index grating to
have the same spatial frequency as the interference pattern and make the optical amplifica-
tion at Bragg regime possible. Afterward, several hybrid configurations based on ferroelectric
crystals as KNbO, and SBN:Ce assembled with nematic LCs, operating at visible spectral
range has been realized [42, 43]. For example, Deer [44] demonstrated a structure based on LC
layer and KNbO, substrate, at large beam intersection angle with perfect phase shift between
the interference and refractive index gratings. Up to now, only limited numbers of near infra-
red sensitive structures are designed using semiconductor substrates as CdTe or GaAs. The
maximum gain coefficient reported in GaAs/LC cell is 18 cm™ at A = 1.2 um and 16 cm™
at A ~ 1 um for CdTe/LC cell, both of them operating at 1064 nm [45, 46].

Figure 8 shows the formation of the space-charge field in BSO:Rh/LC structure followed
by monitoring the time evolution of the Gaussian laser beam (0.5-mm waist) propagating
through the hybrid device (right side) [47]. Owing to the near-infrared absorption and high
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photoconductivity of the inorganic crystal, illumination with 1064-nm light causes charge car-
riers generation and formation of photo-induced space-charge field which becomes stronger
at the edges of the Gaussian beam.

The numerical simulation of the intensity (I) and the space-charge field (E_ ) distributions,
as well as time evolution of Gaussian beam shape passing through the hybrid structure
are shown at Figure 8(b and c). The experimental results are in good agreement with the
numerical calculations reported by Stevens and Banerjee [48], which support that Gaussian
beam illumination generates notch width which is proportional to the width of the intensity

Legend: M-mirror, L-lens,
P-polarizer, BE-beam expander

Figure 8. The numerical simulation of the Gaussian intensity beam distribution (a) Gaussian beam propagation through
BTO:Rh/LC structure, (b) light intensity numerical distribution and (c) space charge field E_ numerical distribution (left)
and experimental propagation of the Gaussian beam (right) through the BSO:Ru/PDLC device.
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beam, created by the charge accumulation at the interface between the dark and spurious
illumination.

5.2. Two-beam coupling and Bragg-matched regime of diffraction

The evidences of the space charge formation give rise for two-wave mixing experiments.
[llumination with two beams leads to light-intensity interference pattern, which induces a
space charge field in the photorefractive substrate expressed by [1, 41]:

iE
E = — (19)

sC
1+

m|Ul"1

q

kT N.\ eN
where E = K= is the diffusion field, E = <1‘FA> : “¢ is the saturation field and ¢, is the

D€€

dielectric permittivity of the photorefractive substrate.

Once accumulated in the photorefractive layer, the space-charge field E_ penetrates into
the LC layer with decaying evanescent component. In fact, the role of the E_ is to generate
electric field, which reorients the nematic LC director 1i, . outside the photorefractive region.
Following the couple-wave theory [1, 11], the total electric field obeys the Poisson equation:

V (eg,.E +P,) =0 (20)

where P, is the flexo-polarization term of LC layer, determined by flexo-electric coefficients
according to Refs. [40, 41]. To solve Eq. (20), the authors in Ref. [43] use the relation between
the electrical potential in photorefractive substrate E (x, z) and the electrical potential in LC
layer W, . (x, z) expressed by E(x,z) = -V ¥ (x,z) and the boundary conditions between the
z=-L/2 to z=L/2 planes (where L is the LC thickness). Detailed analysis and analytical solu-
tions have been discussed and presented in Refs. [40—43].

The ability of organic-inorganic structures to operate at Bragg match regime of diffraction is
shown at Figure 9 where two hybrid configurations are discussed: the first one is based on
Rh-doped Bi ,TiO, crystal and LC layer (BTO:Rh/LC), and the second one consists of Ru-doped
Bi, SiO,, crystal and PDLC layer (BSO:Ru/PDLC). Examples of simultaneously detected
behaviour of two interacting beams (linearly polarized with equal intensity [1:1 ratio]) inside
the hybrid structures are shown at Figure 9(b) and (c), respectively. As it is seen, during the
two-wave mixing, a constructive and deconstructive interference occurs, which is indication
for /2 phase shift between the light pattern and the index grating pattern. In case of BSO:Ru/
PDLC structure at the beginning of the light illumination, the two beams propagate together
since the PDLC layer requires time to reverse its scattering state to the transparent state and
after few seconds clear depletion between two beams appear. No changes between the two
interfering beams were detected on glass/LC/glass and glass/PDLC/glass reference samples.

The photo-induced space charge field E_ in the photorefractive substrate has been esti-
mated assuming sinusoidal charge density distribution [1] and materials parameters from
Table 1. By using Eq. (19), the space charge field in BSO:Ru has been estimated as a value

of ESC(BSORH) = 1.6 x 10° V/m. Taking into account the experimentally measured threshold
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Legend: M- mirror,
L- lens, P- polarizer,
BE- beam expander,
A\/2- half-wave plate
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Figure 9. (a) Two-beam coupling experiment in BSO:Ru/PDLC structure and simultaneous behavior of both transmitted
beams through the (b) BSO:Ru/PDLC structure and (c) BTO:Rh/LC structure. Comparison with the reference samples as
glass/LC/glass and glass/PDLC/glass is also presented.

Type Symbol Value Unit
LC (MLC type) Ae (LC) 41.6x ¢, Anisotropy of NLC’s
dielectric constant
K(LC) 5 Elastic constant of NLC
n, (LC) 1.51 O-ray refractive index of LC
(nematic)
n, (LC) 1.75 E-ray refractive index of LC
(nematic)
BTO:Rh and BSO:Ru N, 2 x 10* for BTO:Rh cm™ Donor concentration
inorganic crystals 6.1 x 10% for BSO:Ru
N, 1 x 10* for BTO:Rh cm™® Acceptor concentration
5x 10% for BSO:Ru
e 46 Dielectric constant of BTO
and BSO crystal
T 300 K Temperature

Table 1. Material parameters for theoretical simulations.
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voltage of 20 V (for 7.3-um droplet size) of PDLC layer, the threshold electric field is

E, wpicy =2 x 10° (V/m). Substituting the known values into the boundary condition E

X

s¢(BSO:Ru)
€ps0) = ESC(PDLC) X € ppy oy WE found the required electric field to re-orient LC molecules in PDLC
layeris E_,, ., =1.25x 10° (V/m). Obviously, the generated E_ field inside BSO:Ru substrate is

sc(PDLC)

strong enough to penetrate into the PDLC layer and realign the LCs molecules.

For BTO:Rh/LC structure, similar procedure has been performed. The estimated space
charge field in BTO:Rh substrate is about E_ ;. = 1.9 x 10° (V/m). Taking into account the
experimentally measured driving voltage of LC layer as 2 V (for 12-um thickness) and the
threshold electric field as E ., = 1.67 x 10° (V/m), the required space charge field is about
E ¢ =15x10°(V/m).

sc(LC

The above two examples verify that the photo-induced space charge field E  created in pho-
torefractive substrates can grow high enough to exceed the threshold electric field and pen-
etrate into the birefringent layer. The advantage of using PDLC over the LC is no need of
alignment layer (since the polymer binder defines the droplets orientations), which permits
the photo-generated space-charge field to penetrate directly into the PDLC layer.

Figure 10 shows the experimentally measured gain coefficient I' (cm™) dependence on the
grating spacing A (um) when the ratio of signal-to-pump beam is 1/70. Besides, Figure 10
shows the theoretically simulated strength of the space-charge field E_ displayed as a single
line. For BSO:Ru/PDLC structure, the measured beam amplification value of I' = 45 cm™ is
almost three times higher than reported for similar hybrid structures using double-side pho-
torefractive substrates as CdTe (16 cm™) and GaAs (18 cm™), operating at near infrared spec-
tral range [46, 47]. In case of BTO:Rh/LC structure, I' reached almost 10 cm™ at 1-um grating
spacing. It is assumed that large amplification effect comes from suitable doping elements
(as Ru and Rh) addition in sillenite crystal structure, which provides enough density of trap
levels to support accumulation of high-resolution space charge field.

50 —r ' ' r . : 12¢28
§
a)  BSO:Ru/PDLC b) -
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Figure 10. (a) Gain coefficient dependence on the grating spacing A(um) and (b) Theoretical simulation of E_ dependence
on A(um) for BSO:Ru/PDLC structure.
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As discussed earlier, the Debye screening length in photorefractive material need to be very
small to support high concentration of effective trap density. For BSO:Ru crystal, the Debye
screening length of 0.08 pum has been calculated from Eq. (7) and materials parameters in
Table 1. Moreover, as shown in Figure 10, the E_ decreases with increasing the grating spac-
ing from 1 to 2 pum. As the gain amplification is controlled by the space charge field, it follows
the behaviour of the E_ on the way to decrease with increasing the grating spacing A. In that
aspect, multi-layer structure may increase the effective interaction length and optimize the E_
penetration depth (however limited by scattering losses).

5.3. Applications

The prime significance of the reviewed hybrid structure is all optically controlled processes. For
example, the switching ability BSO:Ru/PDLC structure is demonstrated at Figure 11. An image
pattern (rectangular mask) is placed into the input plane of 4-f optical system, and the structure is
illuminated with 1064-nm Gaussian beam. When the pump light illuminates the device, the PDLC
layer transparency is changed due to the induced space charge field in the photorefractive substrate.

Therefore, by controlling the droplet size and consequently the driving voltage of the LC molecules
from one side and optimizing the charge carriers’ concentration in crystal matrix (providing high
enough density for high resolution space charge field), the proposed structure can be further opti-
mized. Moreover, the beam coupling can be significantly improved by addition of nanoparticles
in LC layer, which affects the dielectric anisotropy and decreases the driving (threshold) voltage.

light “on”

TR

CCD Iight “off”

P
v

Legend: M - mirror, L - lens, P - polarizer, BE - beam expander, Af2 - half-wave plate

Figure 11. Gaussian laser beam propagating through BSO/PDLC hybrid structure and image mask (rectangular
shape) evolution when the light is at “on” and “off” position (right side). All processes are controlled by near infrared
light only.

6. Conclusion

The chapter reviewed recent progress of two-wave mixing and beam amplification in novel
type of hybrid structures that combine photoconductive and photorefractive properties of
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inorganic crystals together with the high birefringence and anisotropy of LC (or PDLC)
layers. When inorganic crystal acts as photoconductive substrate, the photo-generated
charge carriers control the LC molecules alignment and subsequent light modulation. As
a result, the two-wave mixing happens in a liquid crystal layer (the active layer) with high
amplification values; however, the fringe period of the recorded gratings is limited to few
micrometers. When inorganic crystal acts as photorefractive substrate, the two-beam cou-
pling happens at both the photorefractive substrate and LC layer where the space charge
field is the driving force for LC molecules reorientation and refractive index modulation. In
this configuration, all the processes are controlled by light-permitting submicron resolution.

Depending on the designed structure assembly and operation principle, dynamic holo-
graphic gratings at Raman-Nath or Bragg match regimes of diffraction can be recorded.
The large trap density and small grating spacing typical for photorefractive materials allow
to reach the Bragg matched conditions in all optically controlled structure in contract to
the large grating spacing and small trap density typical for LC-based electro-optically
controlled structures, which support the Raman-Nath regime of diffraction. Furthermore,
by selecting the photosensitivity of inorganic substrate, the spectral interval can be easily
adjusted in a regions, where the LC molecules (or PDLC) are not enough sensitive.

The proposed organic-inorganic hybrid structures can control transmission, reflection and scat-
tering of light and are considered in playing an essential role in 3D holographic display technolo-
gies and providing sub-micron spatial resolution, large viewing angle and low driving voltage.
The reviewed examples can be classified as novel type of non-linear optical components, which
exhibit attractive capabilities for light manipulation, coherent image amplification, to control the
group velocity of modulated signal beam, in video display technologies. The advantage of simple
fabrication and compactness open the way to design varieties of new structures and elements that
meet the up-to-date requirements of 3D display technologies and optical information processing.
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