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MODELING PHASE FUNCTION OF CONTROLLED DIFFRACTION ELEMENTS
ON THE BASIS OF LINEAR ELECTRO-OPTICAL EFFECT*

A design of controlled diffractive optical elements based on electro-optic effect is suggested. The influence of the
electro-optical crystal orientation, the direction of light wave propagation and the electric field distribution on the
characteristics of controlled diffractive optical elements is considered. The efficiency indicators of controlled diffraction
elements structure and material are proposed and their values for the basic elements are calculated.
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Elements and devices based on the electro-optical effect
are widely used to control parameters of optical illumination,
e. g. intensity, phase, state of polarization, spectral
composition [1]. Their advantages are high speed (GHz units),
great nomenclature of functional materials with various
physical properties. Volume and planar modulators,
switchboards, deflectors of broadband and laser illumination,
tunable spectral filters etc. are developed on the basis of the
electro-optical effect at present.

Development of electro-optical controlled diffraction
structures (CDS) with a tunable phase function [2–4] is one
of the promising directions of creating devices of this kind.
In general, the design of such elements includes electro-
optical material, control electrodes with individual or group
addressing ensuring the required distribution of the material
as will as a complex of functional coatings possessing electro
insulation, protective, spectroforming or polarization-
selective functions (fig. 1).

Changing the kind of phase function with the help of
single or multichannel voltage source results in forming a
certain diagram of orientation of such a structure and
changing its spectral composition.

The aim of this study is to model the phase function of
controlled diffraction structures.

Since CDSs based on diffraction gratings form periodic
structures a system of conventional symbols to designate
the structures has been developed for the sake of
convenience. The system of designations of controlled
diffraction structures is based on constructional indicators

of the basic element. By the basic element the elementary
part of the structure is meant, which, repeated many times,
forms CDS. The system takes into account the number and
type of electrodes (continuous, discrete) on each surface of
the element, the distraction of potentials over the electrodes,
the presence of functional coatings. The following structural
formula is proposed for the designation of basic optical
elements:
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where N1 is the number of times the basic structure is
repeated; X1, M1 – the number of electrodes in the top
(bottom) layer of the basic structure; Y1 = {N

D, R1 = {N
D is the

type of electrodes in the top (bottom) layer (continuous N or
D); Z1 indicates the potential distribution over the top (bottom)
electrodes (0 for equal potentials of all electrodes, 1 for
different potentials of electrodes); P1 = {0

1, T 1 = {0
1 presence

or absence of the functional top (bottom) layer of the basic
structure.

Examples of the main types of basic elements with their
designations and descriptions are given in table 1.

The analysis of the structure of electric fields in
diffraction CDS shows that the field structure is quite
complex, therefore the type of the electro-optical effect used
essentially depends on the relationship between the CDS
geometrical dimensions and properties of the electro-optical
material. Because of this to assess the efficiency of the
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structure and of the type of electro-optical effect used local
and integrated indicators of element efficiency have been
stated: the indicator of the predominant type of electro-optical
effect (1) and the indicator of CDS electro-optical efficiency
(2). These indicators take into account both the structural
design of the element and the properties of the electro-optical
materials and control means chosen. They make it possible
to optimize the parameters of the diffraction element
controlled by a given indicator or a group of indicators:
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where |Ex
i,j|, |Ey

i,j| are absolute values of the electric field
intensity vector projections along the coordinate axis x, y; i,
j are discrete coordinates of the points in space where
functional is calculated; n, m – number of points in the
discrete space along the axes x, y respectively; ni,j, ax

i,j, ay
i,j

are the refractive index of the electro-optical material and the
projections of light wave propagation vectors along the x, y
coordinate axis for the i, j point of discrete space.

Here the indicator gi,j characterizes the efficiency of
electro-optical effect in the chosen point of space (local
indicator), the indicator G characterizes average integrated
efficiency of the basic element (integrated indicator).

A special case of (1), (2) is the case when the direction of
light wave propagation coincides with one of coordinate axes
x, y. Then the expressions for efficiency indicators become:
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Variation of the values of local and integrated indicators
gi,j and G ranges from minus one (–1) for the longitudinal
(along the y coordinate axes) electro-optical effect to plus
one (+1) for the transverse (along the x coordinate axis)
electro-optical effect. Having set the threshold value of the
indicator chosen (e. g. 0.1) we can obtain numerical
assessment of the efficiency of the electro-optical diffraction
element modeled.

Fig. 1. General view of the controlled diffraction structure

Figures 2, 3 give examples of local efficiency indicator
gi,j distribution for basic elements of the type (2-D-1) and
(2-B-1):1/(1-N-D):

As can be seen from figure 2 the element (2-D-1):1 with
the design and geometry parameters chosen provides

Table 1
Examples of CDS basic element structures

and their designations

Symbol Designation short description Structure of the basic element

1 0
1 0

N
N

 
 

Series structure with one top and one bottom continuous
electrodes without functional layers

2 1
1 0

D
N

 
 

Series structure with two discrete electrodes having
different potentials in the top layer and one continuous
electrode in the bottom layer without functional layers

(2 1) :1
1 0

D
N

 
 

Series structure with two discrete electrodes having
different potentials in the top layer and one continuous
electrode in the bottom layer with one top functional
layer

(2 1) :12
1 0

D
N

 
 

Series-parallel structure consisting of two basic elements
each of which comprises two discrete electrodes with
different potentials in the top layer and one continuous
electrode in the bottom layer as well as one top functional
layer
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practically 100 percent transverse electro-optical effect in
the central area and mixed effect in side areas. Therefore for
the possibilities of the element in question to be used
efficiently one should choose (by the value of the integrated
indicator) the type and orientation of the electro-optical
material which provide the transverse electro-optical effect.

Fig. 2. Example of local efficiency indicator gi,j distribution
in a basic element of the type (2-D-1):1

Fig. 3. Example of efficiency indicator gi,j distribution
in a basic element of the type (2-B-1):1/(1-N-D)

The element of the type (2-B-1):1/(1-N-D) from figure 3
provides mixed electro-optical effect in the interelectrode area,
of predominantly by transverse nature in the upper part and
of longitudinal nature in the lower part. Therefore, for the
possibilities of the element in question to be used efficiently
one should carry out additional investigation of electro-optical
efficiency for various orientations of the crystal optical axis
and the direction of optical radiation propagation in the crystal.

The element of this type is fundamentally different from
the one discussed above in that it makes possible to obtain
inclined linear or non-linear phase profiles since the areas of
predominantly transverse and longitudinal effects have
approximately triangular distribution.

For more precise mathematical modeling of processes in
CDS the relationship is defined between the refractive index
for a light wave with arbitrary direction and state of
polarization on the one hand, and the type and orientation of
the electro-optical crystal, the electric field intensity, on the
other. As a result, a mathematical model has been developed
that takes into account the change in the optical indicatrix of
the electro-optical crystal when acted upon by the
components of electric field in an arbitrary oriented crystal
and the final formula is derived relating the value of refractive
index np2 to the initial data of the problem:
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where k2x2, k2y2, k2z2 are coordinates of the light wave vector
in the coordinate system of the crystal and coefficients b1,
b2, b3, c1, c2, c3, d1, d2, d3 are:
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where nx2, ny2, nz2 are refractive indices of the crystal in the
absence of electric field; rlk are electro-optical coefficients, m/
V; Ex2, Ey2, Ez2 are field intensity projections along the crystal
axis, V/m; p2x2, p2y2, p2z2 are polarization vector coordinates.

To calculate the electrostatic field in the anisotropic
medium various methods of solution were analyzed: method
of mirror images, method of conformal images as well as
methods based on finite difference approximation.
Eventually, preference was given to numerical methods as
being the most universal ones. The Flex PDE 5.0 program
using an adaptive triangular grid was used to calculate the
electrostatic field in CDS. Software developed by the authors
made it possible to define the phase function (x) at the
output of CDS (taking into account the state of polarization
p2x2, p2y2, p2z2 and electro-optical coefficients rlk):

    
0 0

2( ) , , ,
h

a cx n E x y E x y dy
  

  (5)

where 0 is the wavelength of radiation used, m; h is the
thickness of the electro-optical material, m;n is variation of
refractive index under the influence of electrostatic field;
Ea(x,y), Ec(x,y) are field intensity projections on a- and
c- axes of crystal, respectively, V/m.

As a result of modeling it has been found that CDS of
various types can be developed on the basis of structures
like (2-B-1):1/(1-N-D), for example, structures, dissipating
illumination as well as controlled blazed diffraction structures
if the electrostatic field intensity vector Ex(x,y) between any
two neighboring electrodes points in one direction.

Figures 4, 5 show phase functions (5) for the basic element
of the (2-B-1):1/(1-N-D) type on the basis of a-cut of barium-
strontium niobate, SBN:75 grade, c-axis of which is
perpendicular to the one-dimensional grid of control
electrodes. The width of electrodes and the size of the
diffraction slit was 5 mkm, electrode thickness was 0.5 mkm,
the direction of light wave propagation was parallel to the x-
axis of the crystal. The thickness of the protective coating
(silicon dioxide) was 0.11 mkm.

From figures 4, 5 it follows that a change in the crystal
thickness affects the electrostatic field distribution and the
kind of phase function formed. As for changing the electrode
potentials, it determines only the height of phase function
profile, changes the diffraction efficiency of the element and
restructures the CDS along the wavelength of illumination.

Figure 6 gives the phase function (5) of the element
(2-D-1):1withthefollowingparameters:electro-opticalmaterial –
barium-strontium niobate, SBN:75 grade, c-axis of which is
perpendicular to the one-dimensional grid of control electrodes,
the width of electrodes and the size of the diffraction slit is
5 mkm, electrode thickness is 0.5 mkm, the direction of light
wave propagation is parallel to the a-axis of the crystal. The
thickness of theprotectivecoating (silicon dioxide) is0.11 mkm.

Thus, it can be seen from figure 6 that:
– the kind of phase function formed is quasirectangular

with the geometry defined by the width and period of
arrangement of CDS electrodes;
– changing electrode potentials defines only the height

of phase function profile.
Analysis of CDS with different crystal thickness has

shown that for thickness of SBN:75 of the order of 2–3 CDS

periods of electrode grid and more the kind of phase functions
remains practically unchanged, i. e. approximately rectangular.

Thus model dependences obtained and calculations make
it possible to announce the creation of a new class of tunable
diffraction elements that realize phase functions of an arbitrary
type, e.g. nearlyrectangular, linear, square-lawetc.,whichmakes
it possible to realize elements and devices performing the
functions of switching modulation,deflectionofoptical radiation
as well as changing (correction) of its directly diagram.

Fig. 4. Relative distribution of phase increment along
the width of the diffraction slit of the element (2-B-1):1/(1-N-D)

with crystal thickness 11 mkm

Fig. 5. Relative distribution of phase increment along the width
of the diffraction slit of the element (2-B-1):1/(1-N-D) with

crystal thickness 100 mkm

Fig. 6. Relative distribution of phase increment along
the width of the diffraction slit of the element (2-D-1):1

with the crystal thickness 100 mkm
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ACTIVE METAMATERIAL ON THE BASE OF INTEGRAL NEMS-STRUCTURES*

The conception of integrated nanoelectromechanical systems (NEMS) formation method is considered. The method is
based on original combination of self-organizing and self-aligning processes. The functionality of proposed NEMS-
structures and possible applications of nanomaterial which constituted by two-dimensional array of such structures are
discussed. The results of experiments directed to proposed NEMS-technology realization are led.

Keywords: nanoelectromechanical systems (NEMS), carbon nanotubes, NEMS sensors, active nanomembranes, active
molecular sieves, active nanomaterial, active metamaterial.
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Historically the first functional structures implemented
by men for substance and information manipulation were
mechanical – from stone axe to printing presses and
arithmometers. Transistor invention in the second half of
20-th century became the reason of transition to systems of
entirely electronic functioning principle. This has opened
the path to the vast increase of information processing
effectiveness. However it is interesting that on the new level
of miniaturization “mechanics” is becoming relevant again
and the next break-through can be made exactly on it.And it
takes place both in information processing (substance and
energy drawing in is forced necessity) and in substance
processing (substance and energy drawing in is substantial
part of process). Combination of electrical and mechanical
principles in one electromechanical structure is especially
perspective approach. However at the present time integral
electromechanical systems adoption is restraining by
limitations of photolithography witch lies in the base of
common production technology. Though methods of
sacrificial layer and self-organizing objects are used in some
projects witch allows single sizes of functional structures
elements to overcome limits of photolithography resolution,
however the overall scale of integration remains hard
constrained with the last. As a result the break-through
products based on nanoelectromechanical systems (NEMS)
have not been proposed to date.

ProposedNEMS-structuresandpreparationmethod.Main
features of proposed NEMS-structures technology are
following. The initial process that defines structure geometry
is process of vertical carbon nanotube growth. It is the process

of self-organizing that is why carbon nanotubes yield by it are
characterized by high structural perfection while their diameter
can reaches 0.7 nm. So small objects possessing perfect
structure cannot be obtained beyond the scope of self-
organizing methods (“bottom-up” methods) independently
to progress perspectives of lithography methods (“top-down”
methods). The current state of the arts includes approaches
to adjacent vertical carbon nanotubes array formation there
nanotubes stick together by Van der Waals forces. This is a
classical application of, precipitation, precipitation the method
of precipitation from gaseous phase for the growth of carbon
nanotubes.

However, for the creation of the array of NEMS-
structures, the array of separate vertical carbon nanotubes,
divided by big enough gaps is necessary. To separate the
nanotubes by gaps and to mechanically fix them in a vertical
position, the growth of the carbon nanotubes on catalyst
particles, rooted into the substrates from alumina or titanium
oxide, is used in the work as particular way. The vertical
sides of pores set the direction of growth of the nanotubes.
It should be noted that to root the catalyst into the pores the
original method of nickel sol-gel catalyst was developed.

Then on the substrate with the array of vertical carbon
nanotubes 3 functional layers are formed: the metal layer
(the input electrode), the layer of amorphous carbon (output
electrode or- the controlling electrode) and the dielectric layer,
separating them.

At the next stage physical mechanisms, providing the
transmission of the geometry of each of the grown carbon
nanotubes to the controlling electrode, are enacted. With


