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Some Peculiarities of the Recording of Polarization
Diffraction Gratings by Doubling Method

H. L. MARGARYAN,* V. M. AROUTIOUNIAN,
D. L. HOVHANNISYAN, N. H. HAKOBYAN,
AND V. K. ABRAHAMYAN

Yerevan State University, Yerevan, Armenia

We investigated the dependence of angular dispersion of replica on its distance from
the master polarization diffraction grating (PDG). The distribution of field diffracted on
master PDG was calculated using the method of finite-difference time-domain. Accord-
ing to the numerical model, within the transition region, conditioned by interference
of secondary waves with the same polarization state, the angular dispersion of replica
changes depending on the distance between master and replica. Outside the transition
region, the angular dispersions of replica and master completely coincide. The experi-
mental investigation was also carried out, the results of which are in good agreement
with the calculated data.

Keywords Diffraction efficiency; master PDG; polarization diffraction gratings; print-
ing method; replica

Introduction

Liquid Crystal Polarization Gratings (LC PDGs) are diffractive optical elements with an
anisotropic periodic index profile. Although the polarization gratings are “thin” gratings, the
thin-screen approximation predicts high diffraction into the first diffraction orders making
them attractive for optical devices. There have numerous applications in photonic systems
and displays, including highly efficient projection displays, wide-viewing and direct-view
displays, polarized beam splitting devices, multiplexing, and polarization dispersion appli-
cations. The unique properties of the polarization gratings are the polarization selectivity
of the diffraction efficiency and the capability of these gratings to convert the polarization
states of diffraction beams [1-6].

In the recent years, due to the synthesis of new photo-polymerized polymers, the
recording of polarization diffraction gratings has become possible. The fabrication of LC
polymer PDGs is a multistep process, and each step must be optimized to obtain high-
quality PDGs. Recently developed technology for printing PDGs from a master one paves
the way to the large-scale production of large area gratings, maintaining the high quality
and avoiding all the complexity, cost and stability issues of holographic setups [7].

The printing technique makes use of the rotating polarization pattern obtained at the
output of the master PDG from a linearly or circularly polarized input beam. For the “thin”
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PDGs the regular interference pattern (interferogram) is formed not right at the output of
PDG, but at certain distance beyond it. Since, in the printing method, the pattern recording
occurs as a result of photopolymerization caused by the field of light diffracted on the
master PDG, we assume that quality of the grating in print depends on the distance between
master and replica.

In this paper we present the results of theoretical and experimental studies of the PDGs
recording process by printing method. We investigated the distribution of the diffracted
field at the output of master PDG and the dependence of angular dispersion of replica on
its distance from master PDG.

Numerical Modeling of Electrical Field Distribution
at the Output of Master PDG

The analytical description of diffracted field distribution uses approximations, making it
impossible to obtain the precise pattern of the field distribution immediately at the output
of PDG. For this reason, for theoretical analysis of electrical field distribution at the output
of master PDG we use the finite-difference time-domain (FDTD) method. FDTD methods
present a robust and powerful approach for directly solving Maxwell’s curl equations both
in time and space, and are widely used for PDG numerical modeling [8]. Another advantage
of FDTD techniques is their capability to visualize real-time pictures of the electromagnetic
wave.

In this section the numerical analysis of light propagation through the PDG is presented.
Letus consider the case when a linearly polarized beam of a continuous-wave laser (0, E, 0)
propagates along zaxis and hits a PDG (the problem’s geometry is presented on Fig. 1).

The grating is placed in a position where the LC’s director’s periodic change occurs
in the x axis, let’s designate the grating’s half-period as A, and the thickness as L. At the
output of the grating the arrows show the propagation of radiation in —1 and +1 diffracted
orders with left and right circular polarization.

£ —gl— n
'\T/'/'—»\.\i//-— L
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PML

Figure 1. The schematic of PDG arrangement with respect to the coordinate axes.
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Generally Maxwell’s equations for a periodic anisotropic medium can be written as follows:

D, dH, 9H,

ot ay 9z
D, 0H, 0H,

2= (1)
dt 0z ax
oD, 0H, 0H;
ar  dx Ay
0H, 1 (0E. OJE,
at  u \ dy 0z
oH, 1 (0E, OE, @)
ar  u\ 9z ax )’
0H, 1 (JE, OJE,
ar o \ ax ay

where Dy , . are the electrical induction components, H, , . are the magnetic field com-
ponents, and u is permeability of free space. The electric field vector can be described as
E = &' D where & is a permittivity tensor for a periodic anisotropic medium

&, OS> (o) + ¢, sin® (p) Aesin(p)cos(p) 0
e(p) = Asgsin(p)cos(¢)  &,cos? () + &, sin” (p) 0 |, 3)
0 0 &,

where ¢, ¢, are dielectric constants for extraordinary and ordinary waves, Ae = &, — &,,
LC molecule orientation related angles ¢ = wx/A, «. The laboratory axis is shown in
Fig. 2.

According to (3), we consider the case when o = 0. The components of the electric field
vector can be described as

5D, + é;yl Dy +&.'D,,

XX

E,
Ey =&, Dx 48,/ D, + 8. D, @)
E.=8.'D, +&. D, +.'D.,

Xz

&

Z

L 4

Figure 2. LC molecule orientation in laboratory system of coordinates.
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where the &/, e;yl, gl é;yl, é;yl, éy’zl, gl E;zl, &' are the components related to the
permittivity inverse tensor.

The essential feature in FDTD methods is a proper absorbing boundary condition to
truncate the simulation space without artificial reflections. In this section, we used the
perfectly matched layer (PML, see Fig. 1) introduced by Berenger [9, 10]. Although at
the gratings input we have the linearly-polarized radiation (0, E, 0), the anisotropy of
the grating also causes the formation of E, and E field components according to (4). To
calculate the diffracted field, we make a transition from the continuous space (x, y, z, t)
to the discrete one (iAx, jAy, kAz, At), where i, j, k,n are integer constants. During
the first simulation, the electrical induction components were calculated according to (1),

whose finite-difference scheme is presented below:

D;H—I/Z (l, ,] + E’k_i_ E) = D;l—l/z <l, J + §7k+ E)

At (.. 1 al: 1
+A_y_Hz l,]+1,k+§ —Hz l,],k+§

AT (i i e w0+ Lt )
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D2 - j+ L k+=)=D"" i<, j4+1,k+=
g i—5 Lkt ¢ =5+ Lk+3

At T o1 1
+— H;(l—E,]'i‘l,k-i-l)—H;(l—57]+1,k>:| (5)
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where Ax = Ay = Az = X¢/40 are the grid space, At = Ax/2c is the time step, c is light
velocity in vacuum, A is the radiation wavelength, which for the simulation is considered
equal to 325 nm. After taking into account that

g2l = e, cos? () + e, sin® (@) /€0t
B, =8, =[—(ec — &) cos () sin (p)]/€ote (6)
é;l = [, cos® (¢) + &, sin® (¢)]/€o€e, é;zl =1/e,
we calculate the electric field components according to (4)
ElG, j, k) =8, (G, j, k) DL, j, k) + & G, j. k) D} G, j, k),
E}G, j, k) =8 G, j, k)DL G, j, k) + &) G, j, k) Dy G, j, k), ()
E! (i, j. k)= (i, j. k) DL, j. k).
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At last, with updated values of the electrical field components, we calculated the same ones
for magnetic field as presented below:

n+1 [ - 1- nf - 1.
H; Z—E,J—G—l,k—i—l = H} 1—§,J~|—1,k+1
At 1 3 1 1
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In the case of “thin” gratings, the regular interferogram is formed at the certain distance
from the output plane of PDG. In other words, there exists a transitional area where the
interferogram’s space period differs from that of the master PDG. Indeed, the summation of
the diffracted secondary waves with the same polarization vectors occurs at a certain time
for the space overlapping. That time does actually define the extent of the transitional area.

For the gratings with a diffraction efficiency of ~100%, the PDG’s thickness L = A =
ro/2An, where An = (n, — n,) and n,, n, are the extraordinary and ordinary refractive
indices, respectively [1]. For the modeling medium n, = 1.7, n, = 1.55, and An = 0.15.

In order to investigate to what extent the transitional area depends on the ratio L/A,
the simulations were performed for PDGs with L = A = A¢/2An = 1.08 um and the
thickness equal to A, and % The grating’s size along xaxis was 5A.

Let’s consider the calculations results according to (5), (7), (8) for the case where the
linearly polarized light (0, E, 0) falls normally to the grating of thickness L = Ao/2An =
1.08 ym and the half-period A = L. 2D distribution of the diffracted field for E,, E,, E,
components is presented on Fig. 3a, b, and c, respectively. The figure shows that the
regular interference pattern with the space period corresponding to the master PDG occurs
at the certain distance from the PDG’s output plane. The E, component contribution is
negligible compared to E,, E, since for calculations, « is assumed to be zero (see Fig. 2
and expression (3)). Taking this fact into account, let’s consider the distribution of E,, E,
components of the diffracted field for the different ratios L/A. Figure 4a, b depicts the
projections of the E,, E, components on the plane (x, z) for the given case. Fig. 4 shows
that the regular interference pattern producing the master PDG, is established at the distance
of ~2 pum from the master PDG’s output. Also, Fig. 4 represents the propagation directions
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Figure 3. 2D distribution of diffracted field for E, (a), E, (b) and E (c) components.
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Figure 4. (x, z) plane projections of 2D distribution of diffracted field for E, (a) and E, (b) compo-
nents in the case, when L = A = Xy/2An.

of left and right circularly polarized —1st and +1st diffracted orders. In the transitional
area (at distances <2 um from the master), the periodical structure of the diffracted field
is not expressed well, it is rather similar to sinusoidal distribution nodes and anti-nodes.

Hence, if you position the recording replica in the transitional area, the diffraction on
grating in print, besides +1 orders, will yield to the higher orders in accordance with the
nodes distribution in the plane of recording.

It is worth noting that for the chosen geometry, the behavior of the diffracted field’s E,
component is the most determinant of the recorded grating’s parameters. Taking this fact
into account, let’s consider the 2D distribution of that component for the master gratings of
thickness L = % = 29 with a tripled period (compared to the previous case) (see Fig. 5).

— 2An
In such case, the transitional area is greater and equals &7 um from the PDG’s output plane.

E, component A L=A/3

SISISISES -
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Figure 5. 2D distribution of diffracted field for £, component for PDGs with L = 4 = %.
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Thus, the increase of the grating’s period leads to the transitional area extension. In
a real experiment, the extent of the transitional area will be greater than theoretically
estimated because of the lower diffraction efficiency of the master PDG.

We conclude that at certain conditions, depending on the ratio of the master PDG’s
thickness to its period as well as the replica’s distance from the master’s output plane, the
recorded grating’s period differs from the master’s period. The next section describes the
experimental investigation of this phenomenon.

Experiment

One-Dimensional Grating

A master PDG was produced for the experiment. The polarization hologram has been
written on ROLIC ROP-103 linearly photo-polymerisable polymer using two He-Cd laser
(325 nm, ~40 mW) beams with an orthogonal circular polarization angle between beams of
~3°. Then the ROLIC ROF-5102 liquid crystal pre-polymer (An = 0.15) has been applied.
The period of master grating was 2A = 6 um, and thickness was 1 um (L = % = 220’1).
The replica was produced by the printing method with irradiation of the master PDG
by perpendicularly directed linearly polarized light of He-Cd laser. The same materials
were used as an alignment layer and modulating media for master grating. The laboratory
frame of reference is presented in Fig. 6. The incident light polarization vector direction
(0, E,, 0) is perpendicular to the master grating’s vector (xaxis). In order to investigate how
the parameters of grating in print depend on the distance from the master grating’s output
plane, the replica was placed at an angle to the master PDG. One end of the replica touched
the master PDG, and another was 50 um from it (Fig. 6). To ensure this distance, a 50 um
calibrated spacer was used.

50 um
Master
A

! Replica

12 mm

b
— | AN N N |

1

Figure 6. PDG printing scheme.
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Replica Screen

III'I.’

2NN N NN

Figure 7. Diffraction on master — a, and printed PDG — b, (532 nm probe beam).

Figure 7a shows the diffraction on master PDG, and on Fig. 7b presents the diffraction
pattern acquired by probing replica along xaxis by a perpendicularly directed linearly
polarized beam from a cw laser at 532 nm. As it can be seen on the figure, in the area where
the replica was close to the master, the angular resolution is higher and corresponds to the
2nd diffraction order of the master. At the second end of the replica, the pattern reproduces
the diffraction of the master. Also, there exists an area where the diffraction pattern consists
of two diffracted beams corresponding to both £1 and +£2 orders (transitional area).

Figure 8 shows the dependency of 1st and 2nd order diffraction efficiencies on the
distance between master PDG and replica (% is printing distance). Diffraction efficiencies
were measured by probing the replica along xaxis by a perpendicularly directed linearly
polarized beam from a C.W. laser at 532 nm. At that, as x = 0 is considered the end of the
replica, which touched the master PDG (at this point we accept 4 = 0), and on the second
end of replica x = 12mm, 2 = 50 um.

For the intermediate points, 2 was determined from the geometry, presented on the
Fig. 6.
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Figure 8.
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Diffraction efficiency of master PDG, %

Figure 9. 1st order diffraction efficiency of master PDG at probing by 532 nm cw laser.

Itis seen that the replica’s 2nd order diffraction efficiency maximumis at 4 & 0. With an
increase of the distance 4 from 0 to 10 wm, the second order diffraction efficiency decreases
from 2.3% to 0.55% together with an increase of the 1st-order diffraction efficiency from
0.05% to0 0.2%. In the range of 10 um < h < 41 um, the diffraction efficiencies of 1st and
2nd orders are comparable. Then with an increase of &, the 1st order efficiency increases and
the 2nd order efficiency decreases. Thus, according to the results of experiment (Fig. 8), the
extent of transitional area of the formation of the regular interferogram, corresponding to the
master PDG, is approximately 40 um. The replica’s low diffraction efficiency is determined
mainly by the low efficiency of the master PDG-this fact is confirmed by the change of the
master PDG’s 1st-order diffraction efficiency when probing it by continuous-wave laser at
532 nm along x axis (Fig. 9).

Two-Dimensional Grating

The dependencies described above have been also investigated for a two-dimensional
polarization grating. The recording of 2D PDG was performed by the printing method by
irradiation of the master PDG by two beams of a He-Cd laser at 325 nm with orthogonal
circular polarization (Fig. 10). The regimes of recording are same as that described above
described for master grating preparation.

In order to investigate the process, the grating recording has been accomplished at two
different distances between the master and replica: 4 um and 20 um. The master PDG’s
vector (g,,) was directed perpendicularly to the vector of interference pattern (g, ) formed
in the field of orthogonal circularly polarized beams (patterned grating). The laboratory
frame of reference is presented on Fig. 11. The periods of master and patterned gratings
were 2A = 6 um, and thickness of master PDG was 1 um (L = % = 2&).

Figure 12 shows the replica’s diffraction pattern recorded at distance of 4 m from the
master PDG, obtained by irradiation of a continuous wave laser at 532 nm. As is shown, the
diffraction pattern is asymmetric, and diffracted beams are observed in the orders of: (1,1),
2,1, (-1, —=1), (=2, —1), (2,0), (—2,0), and the diffraction efficiencies in (2,1) and (-2,
—1) orders are dominant. This result can be interpreted as follows: if the angular resolution
increase along g,, (the appearance of 2nd order) is determined by the replica’s positioning
in the transitional area of the interferogram formed at the output of the master grating, then
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Replica

Master grating

He-Cd Laser
cw 325 nm

Figure 10. 2D PDG printing scheme.

the angular resolution along g, (corresponding to the 1st order) is defined by the period of
patterned grating only.

The diffraction pattern obtained by probing the grating recorded at distance of 20 um
from the master PDG is shown at Fig. 13. In this case the pattern is symmetric, and
maximums are observed in (1,0), (—1,0), (0, —1) and (0,1) orders with the diffraction
efficiencies are being dominant compared to other orders. The difference with the previous
case is the absence of the angular resolution increase along ¢,,, since in the process of
recording the replica was located outside of the transitional area.

Replica

Master grating

Interference pattern

Figure 11. The orientations of gratings vectors.
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Figure 12. Diffraction pattern of PDG printed at distance of 4 um from the master (532 nm probe
beam).

Discussion

This paper presented both the theoretical and experimental investigation of the effect
of transitional area of an interferogram formation upon the parameters of polarization
diffraction grating recorded by printing method. Particularly, it has theoretically deducted
that in the transitional area the nodes/anti-nodes periods are different compared to other
areas. Hence, the period of the recorded grating is determined by its location. The theoretical
estimation of the transitional area extension for the master grating with thickness L =
1 pm and half-period A = 3 um (L = % = %) is approximately 7 um. The experimental
results have shown that the gratings recorded at small distance from the master (4 pum)
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Figure 13. Diffraction pattern of PDG printed at distance of 20 um from the master (532 nm probe
beam).

have a period that is twice as small, and in the case where the replica is located outside
of transitional area (40 um from the master), its period reproduces the master’s one. The
slight mismatch between the theoretically estimated transitional area’s extension and the
experimental results is determined mainly by the non-ideal master grating.

The observed regularity is more evident in the case of two-dimensional polarization
diffraction grating recorded by the by printing method.

The authors are confident that the obtained results can be applicable in the research
and fabrication of space-chirped PDGs, as well as anisotropic two-dimensional gratings.
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