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Abstract A novel combined interferometric–mask

method for the formation of micro- and nanometric scale

three-dimensional (3D) rotational symmetry quasi-crystal-

line refractive lattice structures in photorefractive materials

is demonstrated experimentally. The method is based on

micrometric scale spatial modulation of the light by

amplitude mask in the radial directions and along the azi-

muthal angle and the use of counter-propagating beam

geometry building up Gaussian standing wave, which

defines the light modulation in the axial direction with half-

wavelength periodicity. 3D intensity pattern can be repre-

sented as numerous mask-generated 2D quasi-periodic

structures located in each anti-node of the standing wave.

The formed 3D intensity distributions of the optical beams

can be imparted into the photorefractive medium thus

creating the micro- and sub-micrometric scale 3D refrac-

tive index volume lattices. The used optical scheme allows

also the formation of 2D lattices by removing the back-

reflecting mirror. 2D and 3D refractive lattices were

recorded with the use of 532 nm laser beam and rotational

symmetry mask in doped lithium niobate crystals and were

tested by the probe beam far-field diffraction pattern

imaging and direct observation by phase microscope. The

formed rotational symmetry 3D refractive structures have

the periods of 20–60 lm in the radial directions, 60 lm

along the azimuthal angle and half-wavelength 266 nm in

the axial direction.

1 Introduction

Materials with artificial refractive index modulation—

photonic crystals [1–4] and optically induced refractive

lattices [5–10]—have become the subject of extensive

research in the last two decades. Two- and three-dimen-

sional (2D, 3D) photonic crystals and refractive lattice

structures offer new possibilities to route, control and steer

light and are of great interest for many applications,

including guiding and trapping systems, photonic bandgap

materials, all-optical devices, information storage and

processing, telecommunication systems, optical computers,

etc. [1–10]. While different fabrication methods, such as

etching processes, electronic beam and UV lithography in

high refractive index materials [2–4] have been utilized to

produce photonic crystals with permanently fixed periodic

structures, some future applications certainly require an

increased flexibility and the possibility to tune and adapt

the photonic lattices in real time.

From these reasons, the approach of an optical induction

of refractive lattices in photosensitive materials (holo-

graphic technique) becomes particularly attractive [5–10].

The illumination of photorefractive medium by spatially

modulated light beam leads to the corresponding refractive

index modulation thus creating refractive lattices. Some of

most promising photosensitive materials are photorefractive

crystals [5–10], liquid crystals [11, 12] and composite

polymer materials, including polymer-dispersed [13] and

polymer-stabilized liquid crystals [14–16], photopolymer-

izable zol-gel glass [17] and its modifications [18–20], as

well as atomic vapors [21, 22]. In spite of these methods

provide relatively low refractive index contrast, compared

with the techniques of lithography or etching in high

refractive index materials, nevertheless, such refractive lat-

tices are very promising for high capacity information
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storage and readout [23], for controlling and manipulating

the flow of light [2, 3, 6, 7], for formation of two-dimensional

spatial solitons (see [24–28] and references therein), etc.

The computer-generated holographic technique [7, 29]

and lately suggested Bessel standing wave method [30] are

very successful for creation of 2D spatial periodic struc-

tures in photorefractive materials. The non-diffracting Airy

[31], Weber and Mathieu [32] beams were also suggested

for formation of 1D- and 2D-specific refractive lattice

structures.

Recently, there has been considerable interest to the

rotational symmetry photonic structures, which consists of

non-periodic structures analogous to the quasi-crystals

[33]. The higher rotational symmetry photonic quasi-

crystalline structures lead to isotropic and complete pho-

tonic bandgaps even in the materials with low refractive

index contrast [34–36].

The fabrication of 3D periodic and quasi-periodic

structures, especially of higher rotational symmetry,

remains a real challenge as many of the conventional

methods become either technically unsuitable or extremely

complicated. The technique of multi-exposure of two-beam

[37] and multi-beam interference patterns [38] was realized

for fabrication of 2D and 3D quasi-periodic structures

in photosensitive materials. 3D optically induced recon-

figurable nonlinear photonic lattices [39], as well as

quasi-crystalline photonic structures [40] based on com-

puter-generated phase only spatial light modulator (SLM),

were formed in cerium-doped strontium barium niobate

photorefractive crystal.

Recently, we suggested the combined interferometric–

mask method [41] based on spatial light modulation by

amplitude mask in the transverse plane and the use of

counter-propagating beam geometry building up Gaussian

standing wave, which defines the light intensity modulation

in the axial direction with half-wavelength periodicity.

Thus, the created 3D intensity pattern can be represented as

numerous mask-generated 2D periodic or quasi-periodic

structures located in each anti-node of the standing wave.

The formed intensity patterns can be imparted into the

photosensitive medium thus creating micro- and nanoscale

3D refractive index volume lattices. The main idea, the

sketch of experimental technique and first results on

recording of 3D refractive lattices with the use of sevenfold

rotational symmetry mask in photorefractive Fe-doped

lithium niobate crystals were presented in [41].

In this paper, we present the detailed experimental

studies of 3D refractive lattices formation in doped lithium

niobate (LN) crystals with the use of twofold rotational

symmetry amplitude mask and 532 nm cw laser beam for

recording. This mask while having strong periodicity along

the azimuthal angle is an example of multi-periodical

structures along the radial directions. The formed 3D

rotational symmetry refractive structures have 20–60 lm

periods in the radial directions, 60 lm period along the

azimuthal angle and half-wavelength 266 nm period in the

axial direction. The recorded 3D refractive lattices were

tested by the probe beam far-field diffraction pattern

imaging and direct observation by phase microscope.

2 Main approach

Unlike the conventional techniques based on multi-expo-

sure of two-beam [37] and multi-beam interference pat-

terns [38], as well as on computer-generated reconfigurable

phase engineering patterns [39, 40], which require a com-

plicated optical setups, a new combined interferometric–

mask (CIM) method for creation of 3D periodic and quasi-

periodic structures in photorefractive materials is suggested

and realized. The method is based on illumination of the

photorefractive crystal through the mask having micro-

metric scale speckles disposition with different rotational

symmetries (RS) by Gaussian beam in combination with

back-reflecting mirror. The mask provides the micrometric

scale spatial modulation of the light in the radial directions

and along the azimuthal angle. The counter-propagating

beam geometry builds up Gaussian standing wave, which

defines the light intensity modulation in the axial direction

with sub-micrometric scale half-wavelength periodicity.

The experimental scheme is given in Fig. 1a. Schematic of

2D transverse intensity distribution is shown in Fig. 1b.

The created 3D intensity pattern is a set of numerous mask-

generated 2D quasi-periodic structures located in each anti-

node of the standing wave (Fig. 1c).

The formed intensity patterns can be imparted into the

photorefractive medium thus creating the micro- and sub-

micro scale 2D and 3D refractive index volume lattices.

Photorefractive crystals are widely investigated for

applications in the holographic recording [5–9] due to the

possibility of multiple recording and erasure of the holo-

grams. Illumination of these materials by inhomogeneous

light redistributes photo-charges excited by photo-ioniza-

tion. The migration of photo-charges mainly by photovol-

taic effect along C-axis of the crystal builds up internal

electric fields and so changes the refractive index via

electro-optic effect, thus providing the induction of

refractive lattice structures [5–8].

Doped lithium niobate crystals have been extensively

studied as materials for volume holographic memory

applications because of their excellent photorefractive

properties [6–8]. Fe is the most effective in producing large

improvements in both the sensitivity and the maximum

diffraction efficiency of optical recording. Last decades,

the development of 532 nm cw intense laser sources and

relatively high absorption properties of Fe doped lithium
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niobate (LN:Fe) crystal in the green optical range makes

these crystals very convenient for formation of refractive

lattices.

From these reasons, the creation of 3D lattices by CIM

method was performed in Y-cut LN:Fe crystals with use of

cw green 532 nm laser beam. Some measurements were

performed also in doubly doped by Fe and Cu lithium

niobate (LN:Fe:Cu) crystal.

The single-domain lithium niobate crystals doped with

0.05 wt% of Fe2O3 (LN:Fe) and 0.05 wt% of Fe2O3 and CuO

(LN:Fe:Cu) used in the experiments have been grown by

Czochralski method and annealed in the oxygen atmosphere

at 1,000 �C during 45 min. The single crystal boule was ori-

ented by X-ray diffraction, and then, samples were cut and

polished according to specific requirements of the investiga-

tions. Y-cut crystals oriented along the crystal surface were

used in our experiments. Figure 2 shows the absorption

spectra of LN crystals singly doped with 0.05 wt% of Fe and

doubly doped with 0.05 wt% of Fe and Cu.

3 Preparation and optical testing of 2D rotational

symmetry masks

From one-to-tenfold axial symmetry masks were generated

by computer graphic technique. The masks consisted of

transparent holes, which were periodically disposed along

the hypothetical equidistantly positioned concentric circles

surrounding the central hole. The number of holes on the

ith circle was equaled Mi = iJ, where i = 1, 2, 3, … is

integer and J is the symmetry order of the mask. The masks

of reduced size (0.6 cm in diameter) with i = 100 were

printed by high resolution printer (3,300 dpi) on the

transparent film. Both the positive and negative masks were

prepared. The prepared reduced size negative masks had a

distance of 20–60 lm between 10 lm transparent holes on

the opaque disk. Figure 3a–d shows the fragments of 2, 3, 6

and sevenfold RS masks. Higher is the rotational symmetry

of the mask larger is the total number of the holes. For

example, the whole twofold RS mask consists of *10,000

holes disposed along the 100 hypothetical concentric cir-

cles with 60 lm periodicity.

CRYSTAL

(b) (c)

(a)

X

Y

Z

Fig. 1 a Experimental setup for

the optical induction of 3D

lattices by CIM method. The

inset shows the experimentally

obtained Gaussian intensity

distribution of 532 nm laser

beam obtained by beam profiler

Thorlabs BP109-VIS.

b Schematic of the fragment of

2D light arrays formed inside

the crystal by twofold RS mask.

c Schematic of two neighboring

anti-nodes of standing wave,

where the mask-created quasi-

periodic structures are located.

The recorded 3D refractive

lattice is modulated in the radial

direction R, along the azimuthal

angle u and in the axial

Z directions. The scale along the

direction of standing wave (Z-

axis) is enlarged relative to

R and u directions
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Fig. 2 Absorption spectra of LN crystals singly doped by 0.05 wt%

Fe (curve 1) and doubly doped by 0.05 wt% of Fe and Cu (curve 2)

used in our experiment. The spectra were measured by spectrometer

Specord M40 with spectral range of 190–900 nm
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The masks were tested by observing the diffraction

patterns from the masks in the far field by 532 nm green

cw laser beam. Diffraction patterns from two, three, six

and sevenfold RS masks (Fig. 3a–d) obtained by green

Gaussian laser beam in the far field are shown in

Fig. 3(e–h), respectively.

The obtained high-contrast diffraction patterns (Fig. 3e–h)

confirm the high quality of the prepared masks. Figure 4

shows the microscope image of the fragment of twofold RS

negative mask printed on the transparent thin film.

4 Optical induction of 2D and 3D refractive lattices

Twofold RS mask was used for creation of 3D lattices in

Y-cut LN:Fe crystal by combined interferometric–mask

technique. This mask while having strong periodicity

along azimuthal angle is an example of multi-periodical

structures along the transverse X and Y directions.

Experimental setup for optical recording of 3D lattices is

shown in Fig. 1a. For comparison, the recording of 2D

lattices using only the mask technique, without formation

of standing wave, was also performed by removing the

back-reflecting mirror (see Fig. 1a, b). Cw single-mode

100 mW green 532 nm laser (Spectralus SP 532 BFL)

was used for realization of the experiments. The beam

power transmitted through the mask was measured of

1.26 mW. The lattices were recorded in Y-cut 0.05 wt%

LN:Fe crystal with the size of 14 9 10 9 0.5 mm3. There

were two reasons for the use of the crystal with thickness

of 0.5 mm. The first reason was to avoid the interference

effects of the beams, diffracted from the holes of the

mask, inside the crystal (noise holograms). The Rayleigh

range for w * 10 lm circular holes of mask estimated by

kw2/2, where k = 2p/k is equaled to 0.6 mm for

k = 532 nm. The second reason was to eliminate the

mask self-replicated images inside the crystal due to

Talbot effect [42, 43]. Both mentioned extra structures

can lead to the additional scattering noise in the crystal

with larger thickness. Recording was performed also in

(a) (e)

(b) (f)

(c) (g)

(d) (h)J = 7

J = 6

J = 3

J = 2 X

Y

Fig. 3 a–d Fragments of enlarged patterns of computer-generated

negative masks with J = 2, 3, 6 and sevenfold rotational symmetries.

The masks had a diameter of 0.6 cm and a distance around 20–60 lm

between *10 lm transparent holes. e–h Corresponding diffraction

patterns from the masks obtained by green Gaussian laser beam in the

far field

Fig. 4 Fragment of microscope image of the twofold RS negative

mask printed on the film
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2-mm-thick LN:Fe:Cu crystal doped with 0.05 wt% of Fe

and Cu, and the dispersive properties of refractive lattice

were studied by white light from light emitted diode.

The profile of single-mode green 532 nm Gaussian

beam is shown in the inset of Fig. 1a. The laser beam was

expanded by confocal lenses and after passing through the

mask illuminated the crystal. The mask and back-reflecting

mirror with r = 95 % reflection coefficient were practi-

cally in touch with the crystal. The mask was oriented in

the X–Y plane as shown in Fig. 3a. Optical C-axis of the

crystal was oriented along the crystal surfaces. The orien-

tations of optical C-axis along both X and Y directions were

used during recording. Polarization of the recording laser

beam was directed along X direction. The duration of

recording was 30–60 min, which provides the saturated

regime of recording.

5 Optical testing of recorded lattices

The recorded refractive lattices were tested with the use of

Thorlabs HRP-170 single-mode He–Ne 633 nm laser beam

by observing the forward diffracted pattern from the 2D

and 3D lattices in the far field. Readout was performed

using both ordinary and extraordinary polarized beams.

The red 633 nm laser beam was used to minimize the

erasure of the recorded lattices during readout.

Figure 5a, b shows the examples of the diffraction

patterns obtained by 16.5 mW red laser beam from 2D

refractive lattices recorded by the mask technique

(a) and from 3D lattices recorded by CIM method

(b) with the use of twofold RS mask and 0.5-mm-thick

LN:Fe crystal. C-axis of the crystal was directed along

Y direction during recording. The polarization of the

readout 633 nm beam was in the plane (e-polarization)

defined by C-axis of the crystal and wave vector of the

beam. The diffraction patterns from 2D lattices (Fig. 5a)

showed more diffraction orders in the direction of opti-

cal C-axis of the crystal compared with diffraction from

3D lattices (Fig. 5b).

The results of optical testing of 2D and 3D recorded

lattices when the C-axis of the crystal was directed along

X direction of twofold RS mask during recording are

shown in Fig. 5c, d. Readout was performed by extraor-

dinary testing beam. For 2D lattice, the diffraction orders

are directed along horizontally oriented C-axis of the

crystal and are limited by second-order diffraction. 3D

lattice shows only the first-order diffraction. The back-

ground scattered noise in diffraction patterns is essentially

less for 3D lattices compared with 2D lattice.

(a)

C-axis

(b)

(c) (d)

C C

Fig. 5 Diffraction patterns

from 2D (a, c) and 3D (b,

d) refractive lattices recorded by

mask and CIM techniques,

respectively, in 0.5-mm-thick

LN:Fe crystal for different

orientations of C-axis of the

crystal during recording—along

Y direction (a, b) and

X direction (c, d) of twofold RS

mask. Readout was performed

by extraordinary testing beam

(e-polarization). Arrows show

the direction of optical C-axis of

the crystal relative to the

diffraction patterns. The scales

in the figures are different
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The experimental measurements showed that the

polarization of diffracted beams coincides with the polar-

ization of the testing beam.

The obtained diffraction patterns from the recorded

lattices can be compared with diffraction pattern obtained

by green laser beam from original twofold RS negative

mask and are shown in Fig. 3e.

6 Measurements of diffraction efficiency and erasure

of recorded lattices

The diffraction efficiency measurements of recorded 2D and

3D lattices, as well as the time evolution of 2D lattices for-

mation, were performed with the use of different schemes.

1. The first measurements were performed by measuring

the forward diffracted power from the recorded lattices

with the use of 633 nm Gaussian e-polarized testing

beam with input power Pinput = 16.5 mW. The dif-

fracted power Pdif was measured as total forward

scattered power Ps minus the background power

transmitted through the ‘‘clean’’ part of crystal without

recorded lattice Pbg. The diffraction efficiency calcu-

lated as g = {Pdif/Pinput} 9 100 % is equaled to 2.3

and 1.15 % for 2D and 3D lattices, respectively.

2. The study of the time evolution of 2D lattice formation

during recording by 532 nm beam in 0.5-mm-thick

LN:Fe crystal was also performed. Scheme of the

measurement is shown in Fig. 6a. The total power Ptotal

of 532 nm recording beam transmitted through the mask

and crystal during recording process was measured (see

Fig. 6a). This power consists of both the constant power

Pdif-mask diffracted from the mask (see Fig. 3e) and

variable power Pdif-latt diffracted from the refractive

lattice during recording in the crystal. The measured

difference Pdif = (Ptotal-Pdif-mask) characterizes the dif-

fracted power. The time evolution of diffracted power is

shown in Fig. 6b and demonstrates the increase in

diffracted power during 400 s and its further saturation.

The erasure of the recorded lattices during illumination by

1.2 mW uniform green and red beams has also been measured

and is shown in the Fig. 6c. The erasure curves are approxi-

mated by exponential function Pdif = A exp (-t/se) with

A = 0.031 mW and erasure constant of se = 1,200 s for

green beam (curve 1), and A = 0.031 mW and erasure con-

stant of se = 20,000 s for red beam (curve 2), respectively.

7 Dispersive properties of the volume refractive lattice

The dispersive properties of the recorded volume refractive

lattices have been studied by diffraction testing with the use

of white light from light emitted diode that was formed by

mixing of three color (red, green and blue) lights (RGB LED)

with 1 W light power and FWHW spectral bandwidth

approximately equaled to 24–27 nm for all three colors

peaked at 640, 570 and 480 nm. The lattices were recorded

with the use of twofold RS mask in doubly doped LN:Fe:Cu

crystal by 532 nm laser beam. The light emitted from the

LED source after passing through the 1 mm diaphragm
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1
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Fig. 6 a Experimental scheme for simultaneous recording of 2D

lattice by 532 nm beam in LN:Fe crystal and study of time evolution

of diffracted power by measuring the 532 nm beam power transmitted

through the mask and crystal during recording. The measurements

were performed by power meter PM 120 D (Thorlabs) connected to

PC. b Time evolution of diffracted power during recording. c Erasure

of the recorded lattices by 1.2 mW green (curve 1) and red (curve 2)

Gaussian laser beams. The approximating exponential curves are

shown by dotted-dashed lines

102 A. Badalyan et al.

123



illuminates the mask placed 150 cm far from the diaphragm.

Figure 7a shows the far-field diffraction pattern obtained

from twofold RS negative mask by white light from RGB

LED source. Figure 7b shows the far-field diffraction pattern

obtained with the use of RGB LED source from 3D lattice

recorded in LN:Fe:Cu crystal. The diffraction pattern reveals

the dispersive properties of recorded lattice and shows

approximately equal diffraction efficiency for visible spec-

tral range. The absence of blue color contour is due to strong

absorption of blue light in the crystal (Fig. 2). For compar-

ison, the diffraction pattern obtained by 5 mW red 633 nm

probe beam is shown in Fig. 7c.

8 Observation of the recorded refractive lattices

by phase microscope

Direct observation of 2D and 3D lattices recorded in LN:Fe

0.5-mm-thick crystal by multi-system phase microscope

(Versamet Union 2) was also performed. The interference

contrast observation was performed. The microscope allowed

strictly reveals the refractive index lattice with estimated

refractive index modulation of Dn * 10-4-10-5 (see Sect.

9.2), however, did not allow to perform the quantitative

measurements. However, phase microscope allows the

measurements of periodicity of the observed structure with

accuracy of 1 lm. The results for twofold symmetry 2D and

3D photonic lattices are shown in Fig. 8a, b. Phase micro-

scope image of 3D lattice (b) shows higher contrast compared

with the 2D lattice image (a).

More precise measurements of refractive index change

are planned to perform in our further studies. Such infor-

mation can be obtained by quantitative phase imaging, for

example, with digital holographic microscopy [44] or

quadriwave lateral shearing interferometry [45].

9 Discussion

9.1 Physical mechanism of the refractive lattices

formation in the doped LN crystal

The physical mechanism of the refractive lattices formation

in the photorefractive materials under illumination by

intensity-modulated light is based on the electro-optic effect.

Fe ions occur in LN crystal in different valence states of Fe2?

and Fe3?. In illuminated regions of the crystal, the green light

excites the electrons from Fe2? to conduction band. Elec-

trons migrate in the conduction band and finally are trapped

by Fe3? in non-illuminated dark zones in the crystal.

The redistribution of the charges builds up an internal

space charge electric field Esc, which changes the refractive

index via electro-optic effect for both o and e polarizations

Dn0 = 0.5n0
3r13Esc and Dne = 0.5n0

3r33Esc, where r13 and

r33 are electro-optic coefficients, n0 = 2.32 and ne = 2.22

[46]. In the Fe-doped LN crystal, the change in extraordi-

nary index is larger than the change in ordinary index by a

factor of four [47, 48], and the induced refractive index

change Dn is mainly due to the distortion of extraordinary

index of refraction.

The electric field is induced due to spatial charge sep-

aration caused by photovoltaic effect and diffusion of the

charge carriers [48, 49]. The diffusion effect for the charge

carriers can be neglected for grating spatial frequencies

K = 1/d having the values less than *105 lines/cm, where

d is the grating period [48].

During recording of 2D refractive lattices with the use of

twofold RS mask with the periods of 20–60 lm in the

transverse plane, the photovoltaic effect which takes place

along the C-axis of the crystal is the main process for

charge transport, since the spatial frequency K * 103

lines/cm.

(a) (b) (c) 

Fig. 7 a Far-field diffraction pattern from twofold RS mask obtained

by RGB LED source. b Diffraction pattern obtained by RGB LED

source from 3D refractive lattice recorded into the LN:Fe:Cu crystal

by twofold symmetry mask and green laser beam. The absence of

blue color contour is due to strong absorption of blue light in the

crystal. c Diffraction pattern obtained by 5 mW probe red laser beam

from 3D photonic lattice
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During recording of 3D lattices, the half-wavelength

period in the axial direction provides enough high spatial

frequency of *4 9 104 lines/cm, and in addition to the

photovoltaic effect along the crystalline C-direction, the

diffusion effect also gives contribution to the grating for-

mation in the axial direction, however, with less efficiency.

The contribution of these two mechanisms in refractive lat-

tices formation was studied in detail for 1D and 2D lattices

formation by Bessel beam technique in [30, 50].

The nonuniform light distribution formed by the used

mask has a speckle pattern. The spatial distribution of the

trapped electrons and the positive ionized centers leads to

the corresponding refractive index change for each

speckle.

As it is shown in [47], where the refractive index

changes induced by 633 nm laser beam with 0.2 mm

diameter in lithium niobate and lithium tantalate crystals

are studied, the refractive index change D(ne-n0) is neg-

ative, has maximum value in the center of light spot and

decreases nearly symmetrically toward the spot edges.

However, the gradient of D(ne-n0) is different along and

perpendicular to the C-axis of the crystal.

Along C-axis, D(ne-n0) decreases to zero sharply at the

light spot edges forming rectangular distribution with half-

width equaled to the beam size. The overall distribution has

also 3–4 times smaller positive wings. In the direction

perpendicular, the C-axis D(ne-n0) decreases to zero

slowly with the refractive index change bell-shaped dis-

tribution, in which half-width is approximately two times

larger than the beam size. The value of D(ne-n0) remains

negative. Similar results are obtained for LN:Fe crystal

in [51].

The results obtained in [47, 51] allow to suppose that the

refractive lattice formed by the used twofold RS mask can

be considered as the rectangular grating along C-axis and

as a sinusoidal grating in the direction perpendicular to

C-axis of the crystal.

9.2 Diffraction efficiency

The refractive index change Dn is determined by Dn = k2 a
W, where k2 is photorefractive sensitivity, W is energy den-

sity and a is absorption coefficient [48]. The coefficient k2 is

found to be independent of the impurity concentration and

(b)(a)

100 μm
(c)

Fig. 8 Fragments of phase

microscope images of X–

Y plane of 2D (a) and 3D

(b) photonic lattices recorded

inside of 0.5-mm-thick LN:Fe

crystal by twofold RS mask and

green laser beam. c Enlarged

pattern of the central part of the

image shown in (a). Obtained

images of refractive lattices

should be compared with

microscope image of twofold

symmetry mask shown in Fig. 4
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dependent only on the nature of absorbing centers and, for

Fe-doped LN crystal, is measured of k2 = 1.4 9 10-5 cm3/J

for 514 nm in [48]. Absorption coefficient a is measured of

3.74 cm-1 at 532 nm for the sample with 0.05 wt% of Fe in

LN crystal used in the present experiment (see Fig. 2). The

green laser power transmitted through the mask is measured

of 1.26 mW. The energy invested into the crystal during

400 s illumination, when the saturation is achieved (Fig. 6b),

is calculated as 0.5 J/cm2. The energy density estimated of

1.4 J/cm2 for illuminated area on the crystal of 0.36 cm2.

Thus, the value of Dn can be estimated*0.7 9 10-4. In fact,

this value for 532 nm wavelength should be somewhat less

since k2 decreases with the increase in wavelength [48]

similar to the absorption coefficient behavior.

The value of Dn was calculated from the measured

diffraction efficiency g = 2.3 9 10-2 using Kogelnik’s

formulae g = sin2 (p L dn/k cos h) for 2D transmission

lattice and g = tanh2 (p L dn/k cosh) for 3D reflection

lattice [10, 52], where L is sample thickness and h is the

angle of incidence to the grating. Estimation gives

Dn = 0.6 9 10-4 and Dn = 0.3 9 10-4 for 2D and 3D

lattices, respectively, for L = 0.5 mm, h = 0�. For 2D

lattice, the obtained value of Dn corresponds to the

refractive sensitivity S = Dn/W = 0.4 9 10-4 cm2/J esti-

mated for energy density of 1.4 J/cm2.

The diffraction from 3D lattices which have the multiple

standing wave anti-nodes along axial direction leads to the

mutual interference of the beams diffracted from the

transverse structures in each anti-node. The formation of

anti-node planes parallel to the crystal surface with half-

wavelength period in axial direction results also to the back

diffracted beams at the Bragg angle. This, in turn,

decreases the forward diffracted power for 3D lattice. This

is in agreement with the results of measurements of dif-

fraction efficiency for 2D and 3D lattices by registration of

forward diffracted power stated in Sect. 6.

The energy invested into the photorefractive LN:Fe

crystal due to the absorption during the formation of 3D

lattice by CIM technique is larger compared with the case

of recording of 2D lattice without back-reflecting mirror.

The cause is the multiple traversing of the beam through

the crystal in the scheme of formation of 3D grating with

back-reflecting mirror due to reflections from the mirror

with r = 95 % and from front surface of crystal with

reflection coefficient of 16 %. The rough estimation

showed that the energy absorbed by 0.5-mm-thick crystal

at 532 nm with a = 3.74 cm-1 during multiple propaga-

tion of beam through the crystal, until its intensity will

decrease by one order, is 2 times larger compared with the

absorbed energy during single traversing of the beam

through the crystal. Hence, 3D lattice should have higher

depth of modulation in comparison with 2D lattice (see

Fig. 8a, b).

9.3 Analysis of diffraction patterns from twofold RS

lattices

The terminology ‘‘thin’’ and ‘‘thick’’ holographic grating is

widely used for description of two diffraction regimes

when multiple diffracted waves are produced (Raman-Nath

regime) or only one diffracted wave is formed (Bragg

regime) at nearly Bragg incidence of testing beam. The

parameter Q0 = Q/cosh = 2pk L/d2 n0 cos h, where L is

grating thickness, k is vacuum wavelength of the light, d is

grating period, no is mean refractive index, h is angle of

incidence of light to the grating [10], is often used to dis-

tinguish between thin (Q0\ 1) and thick (Q0[ 10) grat-

ings. However, this parameter does not take into account

the grating strength, i.e., refractive index modulation depth.

Various authors have observed several diffracted waves

from hologram even when Q was large (see [53] and ref-

erences therein). The description of diffraction regimes

with criteria which include the effect of grating strength is

also suggested (see, for example [54]. The grating strength

is given by c = p Dn L/k, where Dn is the refractive index

change. Two criteria c Q0\ 1 and Q0/2 c[ 10 define the

thin and thick gratings, respectively.

The thick holographic grating may be described also as

a grating exhibiting strong angular selectivity [54]. Thick

grating behavior may be considered to occur when

parameter L/d [ 10. The thin grating is characterized by

L/d B 10. The diffraction efficiencies of the gratings

depend also on the shape of grating and are different for

sinusoidal and non-sinusoidal gratings, which is more

pronounced for higher-order diffractions and is larger for

non-sinusoidal gratings [55, 56].

Twofold RS masks used for lattices formation are an

example of multi-periodical structures in the transverse

plane. The 3D lattices recorded in photorefractive crystal by

CIM method have micrometric scale multi-periodicity in the

transverse plane and sub-micrometric scale half-wavelength

periodicity in the axial direction. In the analysis of the dif-

fraction patterns from such complex lattices, the formation

of rectangular grating along C-axis and sinusoidal grating

perpendicular to the C-axis of the crystal also should be

taken into account. The sinusoidal grating produces only

zeroth and ±1 diffraction orders, while the rectangular

grating considered as consisting of sinusoidal Fourier

components forms multiple diffraction orders [10]. From

this point of view, the diffraction from lattices recorded with

orientation of C-axis of the crystal along vertical Y and

horizontal X directions can give different results.

1. Orientation of C-axis of the crystal along vertical

direction during recording.

The observed pronounced stretching of diffraction

orders in vertical Y direction for 2D lattice (Fig. 5a) can be
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understood taking into account different periodicity of

twofold RS lattice along horizontal X and vertical Y direc-

tions. The recorded 2D lattices have smaller period in

X directions (dX * 20 lm) compared with periods in

Y direction (dY * 40–60 lm) (Fig. 3a).

Based on the estimation of refractive index change

Dn = 0.6 9 10-4 for L = 0.5 mm, the parameters Q0 and c
are estimated of Q0 = 2 for dX * 20 lm and c * 10-1.

Thus, Q0/2 c * 10 which corresponds to the Bragg regime

with first-order diffracted waves in the X direction.

Similar estimations for gratings period of dY * 40 lm

give the values of Q0 = 0.5 and cQ0 * 5 9 10-2, which

correspond to Raman-Nath regime with multiple diffrac-

tion orders in Y direction.

The angular selectivity parameter of recorded lattice

along X direction with the value of L/dX & 25 is also larger

compared with the value of L/dY & 8–12 along Y direc-

tion. This leads to the same conclusion of the formation of

first-order diffraction in the horizontal X direction and

multiple diffraction orders in the vertical Y direction.

The formation of rectangular lattice along vertically

oriented C-axis also assists the appearance of multiple

diffraction orders in vertical Y direction, whereas the for-

mation of sinusoidal grating perpendicular to C-axis pro-

vides only the first-order diffraction.

3D refractive lattices recorded by CIM technique are

thick gratings since the criteria Q * 104 � 10 and L/

dz & 1,879 � 10 for L = 0.5 mm and dz = 266 nm are

satisfied along the axial direction. The 3D thick lattice

reveals more angular selectivity and shows less diffraction

orders (Fig. 5b) compared with 2D lattice (Fig. 5a). The

appearance of weak second-order diffraction can be

attributed to the rectangular shape of the grating and its

higher modulation depth.

2. Orientation of C-axis of the crystal along horizontal

direction during recording.

The diffraction patterns obtained when recording of the

lattice was performed with C-axis of the crystal oriented in

horizontal X directions are shown in Fig. 5c, d. For 2D

lattice, more powers are diffracted along horizontally ori-

ented C-axis (Fig. 5c). The second-order diffraction lateral

petals are clearly seen in Fig. 5c. For this configuration, the

rectangular grating formed along C-axis assists the

appearance of multiple diffraction orders, whereas the large

parameters of Q0/2 c * 10 and L/dX & 25 limit the

appearance of higher-order diffractions. The combined

actions of two effects result in the appearance of only

second-order diffraction along C-axis. The sinusoidal

grating formed perpendicular to the C-axis provides the

first-order diffraction in vertical Y direction (Fig. 5c). 3D

lattice exhibiting stronger angular selectivity shows only

the first-order diffraction (Fig. 5d).

Since 3D lattice has a half-wavelength period in the

axial direction corresponding to the spatial frequency of

K * 4 9 104 lines/cm, the diffusion of photo-charges

which takes place along all directions also contributes to

the grating formation, however, with less efficiency than

photovoltaic effect. The contribution of photovoltaic effect

and diffusion mechanisms in refractive lattices formation

was studied in detail for 1D and 2D lattices formation by

Bessel beam technique in [30, 50].

9.4 Prospects of formation of 3D periodic and quasi-

periodic structures in photorefractive crystals

and applications

The lifetime of recorded lattices in the doped lithium

niobate crystals in the absence of external effects, such as

light (dark storage time) and heating, is up to 1 year [7,

57, 58]. In particular, the detailed study of the recorded

1D grating in iron-doped lithium niobate crystals showed

[57, 58] that the dark storage time varies from few

minutes to 1 year depending on the concentration of the

iron and crystal temperature. At room temperature, the

dark storage time of the recorded lattices in LN:Fe and

LN:Fe:Cu crystals used in the present experiment is

around 1 year.

Apart the long period fixing of photonic lattices in

photorefractive crystals, the recorded structures can be

erased by homogeneous light, more effective by intense

UV light, thus allowing the multiple recording of photonic

structures in the crystal.

The diffraction efficiency of the recorded lattices by

CIM method can be increased by optimization of the

parameters of experiment and used crystals and by

increasing of the intensity of recording beam, which will

make the proposed photonic lattices more suitable for

applications.

Considering the intensity-modulated laser beam as an

encoded information carrier, the recording of the photonic

lattices in the crystal corresponds to recording and storage

of information with the possibility of further readout. The

readout results in the light diffraction and reconstructs the

information encoded in the recording spatially modulated

beam. From this point of view, the erasure of the stored

lattices (i.e., stored information) during readout by homo-

geneous light is a preventing factor and limits the possi-

bility of multiple readouts. One of the ways to avoid the

erasure of stored lattice is the readout by longer wavelength

laser beam than the recording wavelength, which prevents

the excitation of photo-electrons from impurity ions to the

conduction band [23]. This method was used in the present

experiment. For many applications, more convenient is

to perform the readout by uniform probe beam at the

recording wavelength. Very promising is two-photon
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recording [59] in materials in which two photons are

required for generation of free electrons. The other method

is two-center holographic recording in doubly doped

photorefractive crystals, suggested and realized with the

use of LN:Fe:Mn crystal and two-beam interference tech-

nique in [23]. The doubly doped LN crystals exhibiting

photochromic effect, i.e., the increase in absorption coef-

ficient with increase in light intensity [23, 60], provide the

high stability of stored grating during readout by weaker

probe beam at the recording wavelength. The detailed

studies of two-center recording by Bessel standing wave

technique [30] with 17 mW, 532 nm beam in LN crystal

doped with 0.05 wt% of Fe and Cu showed the persistence

of recorded gratings against erasure during 8,000 s when

illuminating by 2 mW homogeneous probe green beam

[60]. LN:Fe:Cu crystal also was used in our experiments

for 2D and 3D lattices recoding and showed more persis-

tence against erasure compared with LN:Fe crystal. This

feature was used for white light testing of dispersive

properties of recorded refractive lattices.

The suggested combined interferometric–mask method

is simpler compared with technique of multi-exposure of

two-beam [37] and multi-beam interference patterns [38],

realized for fabrication of 2D and 3D quasi-periodic

structures in photosensitive materials. The use of different

rotational symmetry masks will allow the formation of

quasi-crystalline structures. The structuration along axial

direction with sub-micrometric scale periodicity is

achieved easy and is determined by the standing wave

periodicity, which can be varied by the use of recording

lights with different wavelength. The disadvantage of the

method is that the masks printed on the transparent film

lose the initial contrast after few tens 1 h exposition during

recording under influence of 100 mW green laser radiation.

However, the preparation of the masks is very cheap. For

comparison, the programmable SLM technique [39, 40]

providing both amplitude and phase modulation of beam

intensity profile is stable and flexible and allows the crea-

tion of reconfigurable higher rotational symmetry micro-

and nanometric scale quasi-crystalline photonic lattices.

Such lattices provide the isotropic and complete photonic

bandgaps even in the materials with low refractive index

contrast [34–36].

The suggested interferometric–mask method is very

promising for 3D structuration of highly nonlinear media

for studying of light localization and spatial soliton for-

mation. The 2D soliton formation in structured media has

been realized experimentally in limited number of works,

in particular, in rectangular lattice [24] and in periodic ring

lattice [26] in strontium barium niobate crystal. The light

guiding and trapping systems, in turn, are promising for all-

optical devices, optical storage, future communication

systems, optical computers, etc.

10 Conclusions

The novel combined interferometric–mask technique is

suggested and realized for the formation of 3D long-lived,

high-contrast, micrometric and nanometric scale quasi-

crystalline lattice structures of different symmetries in

photorefractive materials. The novelty of the method is

based on the combination of mask and interferometric

(standing wave) techniques, which provides the three-

dimensionality of the formed lattices. 2D different rota-

tional symmetry diffraction masks with the periods of

20–60 micrometers were prepared. The interferometric

testing of prepared masks by Gaussian beam was per-

formed showing their high quality. Both 2D and 3D

refractive lattices were recorded by mask and interfero-

metric–mask technique in LN:Fe and LN:Fe:Cu crystals by

532 nm laser beam with the use of twofold RS masks. The

recorded 2D and 3D refractive lattices were tested by the

far-field diffraction pattern imaging and direct observation

by phase microscope. The formed 3D rotational symmetry

refractive lattices have 20–60 lm periods in the radial

direction, 60 lm period along the azimuthal angle and

half-wavelength 266 nm period in the axial direction. The

refractive and dispersive properties of recorded lattices

were studied. Physical mechanisms and prospects of opti-

cal induction of 2D and 3D photonic lattices in photore-

fractive crystals are discussed.

2D and 3D periodic and quasi-periodic artificial struc-

tures in photorefractive materials are promising for many

applications, including guiding and trapping systems, pho-

tonic bandgap materials, all-optical devices, high capacity

information storage and processing, spatial soliton forma-

tion, telecommunication systems, optical computers, etc.
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