Design of two-dimensional polarization-selective
diffractive optical elements with form-birefringent

microstructures
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We describe a design methodology for synthesizing polarization-sensitive diffractive optical elements

based on two-dimensional form-birefringent microstructures.

Our technique yields a single binary

element capable of producing independent phase transformations for horizontally and vertically polar-
ized illumination. We designed two elements for operation at 10.6 pm and fabricated them in silicon.

Qualitative experimental results agree with design predictions.
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1. Introduction

Phase-only diffractive optical elements (DOEs) are
an attractive technology for a variety of applica-
tions in photonics and optoelectronics where arbi-
trary wave-front generation is desired. The small
size and ability of DOEs to generate complex wave
fronts contributes to its popularity, particularly for
applications involving monochromatic illumination.
Most DOEs are designed by algorithms based on
scalar diffraction theory and are fabricated with
large features relative to the operational wave-
length. Unfortunately, these characteristics ren-
der the DOE insensitive to polarization, which
offers an additional degree of freedom in optical and
photonic system design.! Exploiting the polariza-
tion enables applications such as polarimetric im-
aging?3 and polarization-based switching.4

Over the past decade several investigators, includ-
ing us, have developed techniques for constructing
polarization-selective DOEs.4-14¢ These devices are
capable of generating independent phase profiles for
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two orthogonal linear polarizations. To construct
polarization-selective DOEs, investigators have used
either two anisotropic substrates5712 or a single
form-birefringent structure.®-11.13 Devices fabri-
cated with two anisotropic substrates, usually cal-
citel2 or lithium niobate,>7 are effective but
challenging to fabricate and align. Fabrication of a
form-birefringent microstructure from a single sub-
strate is therefore an attractive alternative. Form
birefringence permits a designer to engineer desired
anisotropic properties of a DOE onto a single sub-
strate. In addition to providing greater control of
the phase profile than two anisotropic substrates,
exploiting form birefringence simplifies fabrication to
a single binary etch and eliminates misalignment
between substrates. Moreover, since the substrate
does not require natural birefringence, conventional
materials can be employed, which allows mature fab-
rication processes to be used.

Previous investigators have commented that the
major disadvantage of the form-birefringent method
is that the requirement for subwavelength features
limits the method to long wavelengths in the infra-
red. However, advances in modern lithography
have largely removed this limitation. In fact, binary
DOEs can be fabricated with feature sizes less than
0.1 pm, which implies that form-birefringent micro-
structures can be fabricated for operation at visible
wavelengths.10-11

Xu et al.”-8 were one of the first groups to apply form
birefringence to the fabrication of a polarization-
selective computer-generated hologram (CGH).
They designed one-dimensional form-birefringent
CGHs using the second-order effective-medium the-
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ory. Yuetal.l° and Mirotznik et al.13 extended form-
birefringent design to two-dimensional polarization-
selective CGHs. However, the individual phase
transformations were restricted to binary values.
The procedure required the design of four subwave-
length gratings to produce four pairs of (x, y)-phase
polarization values, i.e., (0,0), (0,m), (,0), and (m,m).
Both the effective-medium theory!® and rigorous
coupled-wave theory'¢ have been used to determine
these gratings. Given two arbitrary (0,m) binary
phase transmissions, the DOE is designed with a
table look-up. Since the phase pair at each pixel
location is realized by use of one of the four subwave-
length gratings over an area, the encoding is referred
to as cell oriented. In experiments, the method ex-
hibited high polarization contrast.1%13 The princi-
pal disadvantage of this method is its restriction to
binary phase elements, which produces well-known
Hermitian symmetric artifacts in the response and
limits the maximum diffraction efficiency for a single
polarization channel to approximately 40%.

In this paper we extend the cell-encoding procedure
to synthesize two-dimensional polarization-selective
DOEs that have nearly an arbitrary number of phase
levels. The method eliminates the artifacts pro-
duced by binary phase elements and allows designers
to produce more general polarization-selective DOEs.
Several elements were fabricated and experimental
results are provided as validation.

2. Design Methodology

A. General Concept

Phase-only DOEs are designed by means of mapping
an optical phase function into a surface relief pattern.
Typically, the phase function is realized by the mod-
ulation of the height of an area whose dimensions are
fixed for each phase value. (This technique is re-
ferred to as point-oriented encoding.) If the dimen-
sions of the diffracting feature are much larger than
the illuminating wavelength, the phase transforma-
tion is insensitive to polarization.

To generate a DOE that is sensitive to polarization,
its diffracting features must be less than or equal to
the illuminating wavelength. Therefore, to gener-
ate a phase transformation that is sensitive to polar-
ization, instead of height, the phase is encoded with
subwavelength gratings. As represented in Fig. 1,
the effective phase transformation is a function of the
grating period, the fill factor, and the etch depth, as
well as the bulk optical properties of the isotropic
substrate. We note that, since the encoding is cell
oriented, the phase can be encoded with grating pa-
rameters other than height. In fact, it is possible to
fabricate a binary DOE that generates nearly an ar-
bitrary number of phase levels. The grating will re-
spond anisotropically if either the grating periods (A,
and A,) or fill factors (ff, = d./A, and ff, = d,/A,)
differ along the x and y directions. The grating pe-
riod is given by A and the width of each binary fea-
ture within a single period by d.
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Fig. 1. Schematic representation of a form-birefringent DOE. A
subwavelength grating at each pixel location produces
polarization-dependent effective optical properties. Effective
properties are a function of the x and y fill factors, the x and y
grating periods, and the etch depth.

Our design algorithm requires that we determine
the phases ¢* and ¢” generated by varying the
grating parametersd,, d,, A, and A,. To do so, we
used the rigorous eigenmode method described by
Noponen and Turunen?é to generate a look-up table
of effective phases as a function of the grating’s
parameters. To ensure that each grating gener-
ates only a zeroth diffractive order in both trans-
mission and reflection, we restrict the grating
periods A, and A, to less than \y/n,, where \, is the
free-space wavelength of illumination and n, is the
substrate index of refraction. Fabrication con-
straints will pose additional restrictions on the size
of the minimum features and maximum aspect ra-
tios that can be realized. Furthermore, to simplify
fabrication, we restrict the grating to be binary and
rectangular. In Subsection 2.B we briefly discuss
our design procedure.

B. Effective Properties of Two-Dimensional
Subwavelength Gratings

Two approaches have been primarily used to deter-
mine the effective optical properties of subwave-
length gratings. With one approach, closed-form
expressions!517 are used to provide approximate ef-
fective phase values as a function of the grating struc-
ture.’® Although attractive from a computational
perspective, the approximate expressions are accu-
rate only for gratings whose period is much smaller
than the wavelength of illumination. As the grating
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Fig. 2. Geometry used to calculate effective properties of sub-
wavelength gratings.

period approaches the wavelength, which is referred
to as the resonance regime, the assumptions on which
these closed-form expressions are based are no longer
valid.

We employ a second approach in which we utilize a
rigorous electromagnetic model to determine the re-
lationship between structural form and response.
Although computationally more difficult, with this
approach we are capable of generating accurate re-
sults for gratings of any period size. Several rigor-
ous electromagnetic models can be used for this
calculation; however, we believe that the rigorous
coupled-wave algorithms offer the best compromise
between accuracy and computational expense. To
this end, we developed a rigorous model based on the
method described by Noponen and Turunen?é to cal-
culate the effective optical properties of two-
dimensional subwavelength gratings. The method
is described briefly here. The reader is referred to
Ref. 15 for a more detailed mathematical description.

The geometry of our structure, represented in Fig.
2, is a binary surface relief pattern sandwiched be-
tween two semi-infinite dielectric media. We denote
the incident region as a semi-infinite space in which
z < 0 and assume it consists of an isotropic dielectric
of refractive index n,. The illumination from the
incident region is normally incident on the grating
region defined by 0 < z < h. Within the grating
layer, the index of refraction is modulated between
the substrate refractive index n, and the transmis-
sion refractive index n,. The transmission region is
also a semi-infinite space in which z > h. We as-
sume that this region is free space, n, = 1.

The incident field is a plane wave, linearly polar-
ized in the x, y plane, and propagating in the +z
direction:

Einc =1 exp(_jksz)y (1)

where @ is a unit vector in the direction of propaga-
tion and £ is the wave number of the incident region.
The fields in the grating layer are described by the
Floquet—Bloch theorem as a superposition of eigen-
modes.’® The diffracted fields outside the grating
layer are expressed as a sum of diffracted orders of

complex vector amplitudes R,,, for the incident re-
gion and T,,,, for the transmitted region:

ER = E Rm,n EXp[j(()me + Bny - rng)],

m,n

Er= >, T, expljlanx + By + tu(z — )]} (2)

m,n

The matching boundary conditions at z = 0 and z =
h produce a system of linear equations whose solution
describes the field structure in all three regions. If
the grating periods are constrained to be less than the
material wavelength, ie., A, A, < \y/n,, only the
zeroth order, represented by T, ,, propagates. Of
primary interest to us is the relative phase lag intro-
duced by the subwavelength grating:

Vd) = LTO,O - koh, (3)

where 2T, denotes the angle of T, ; and &, is the
free-space wave number.

One approach to cell encode a polarization-
sensitive DOE is to evaluate Eqgs. (2) and (3) at each
pixel location. This requires the evaluation of nu-
merous subwavelength grating structures to find one
that best fits the design criteria. Consequently, Egs.
(2) need to be calculated thousands of times, which is
clearly an impractical approach.

Instead, given a single substrate and a fixed etch
depth, we generate a table of effective properties as a
function of grating fill factors and periods. For ex-
ample, Fig. 3 represents the relative phase and am-
plitude transmission of a subwavelength grating with
etch depth A = \y/(n, — 1) corresponding to 2w phase
and a substrate material with index of refraction n, =
3.4 as the grating fill factor and grating period are
varied. By restricting the periods and fill factors to
only values that can be realized, we ensure that fab-
rication constraints are satisfied. Nonetheless, the
results illustrate the relatively large phase discrimi-
nation one can achieve as the grating period in-
creases from 50% to 90% of the wavelength in the
material. Amplitude variations were found to be
less than 15% for all fill factors and periods calculated
in this study. We therefore employed a phase-only
design strategy. We also note that, because the
gratings lie within the resonance regime, we are un-
able to use the effective-medium theory to accurately
calculate these effective properties.

The results shown in Fig. 3 are for an incident field
linearly polarized in the y direction. By transposing
the table, one obtains the phases for a field linearly
polarized in the x direction. Thus only a single table
of values is needed to generate all data required for
design. The relationship between a single binary
grating and the pair of phase values generated by two
linearly polarized beams orthogonal to one another is
represented in Fig. 4(a). As we describe in Subsec-
tion 2.C, it is the phase pairs generated by a single
subwavelength grating that we use to design a form-
birefringent cell-encoded DOE.
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Fig. 3. Effective phase and amplitude transmission as a function of x and y fill factor.
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(a) Phase variations for A, = A, = (0.5) \o/n,,

(b) phase variations for A, = A, = (0.9) \o/n,, (c) amplitude variations for A, = A, = (0.5) \y/n,, (d) amplitude variations for A=A, =

(0.9) \o/n,.

C. Design Algorithm

Given the effective media look-up tables, it is rela-
tively straightforward to multiplex two independent
continuous phase profiles with x- and y-polarized

illumination.

It is important, however, that the
phase profiles are sampled on a scale larger than
the wavelength. From trial and error we found
that the phase profiles sampled as frequently as
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Fig. 4. Graphical representation of form-birefringent cell encoding.

the pair of polarization-sensitive phase values.
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(b)

(a) Relationship between a single binary subwavelength grating and

(b) The encoding of a desired phase pair by a subwavelength grating.
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Fig. 5. Graphical representation of the algorithm used to design
polarization-selective DOEs. (a) Desired phase profiles for x- and
y-polarized illumination, (b) sampled phase profiles, (c) encoding,
(d) binary cell-encoded polarization-sensitive DOE.

every five material wavelengths still produce good
results. If the sampling distance is much smaller
than this, the number of periods in the subwave-
length grating is insufficient to generate the pre-
dicted effective optical properties. However, if the
sample distance is too large, the superwavelength
phase profiles do not adequately represent the de-
sired transformation.

Given the desired independent phase values ¢~
and ¢” for linear polarization along the x and y axes,
respectively, at a single pixel, the pixel is encoded
with the grating structure whose effective phase val-
ues are closest to the desired values. This is shown
in Fig. 4(b), where all the phase pairs generated by
the analysis of a discrete set of gratings are plotted in
a two-dimensional space. Note that, due to the 2w
periodicity in phase, the space is two-dimensionally
periodic. Around one of the phase pairs, we indicate
the region within which any desired phase pair is
replaced by the associated grating structure. The
boundary is determined when we minimize the error
between the desired and the actual phase values:

Ad) = [((bflesired - ¢§ctual)2 + (d)ﬁ,esired - gctual) 2] 1/2' (4)

The boundaries around the other points are not
shown. The design algorithm is graphically illus-
trated in Fig. 5.

®)

Fig. 6. Binary phase polarization-selective binary grating. (a)
Desired phase profiles for x- and y-polarized illumination. (b)
Scanning electron microscope image of the fabricated element.

3. Experimental Validation

To wvalidate this method, we designed two
polarization-selective DOEs using the method de-
scribed in Section 2 for operation at N = 10.6 pm.
One element generated binary phase values for the
two polarizations but the other generated a contin-
uum of phase values from 0 to 2w. Both elements
were fabricated by conventional lithography pro-
cesses. First we spun a 750-nm-thick layer of poly-
methyl methacrylate (PMMA) onto a double-sided
polished silicon wafer and then patterned the PMMA
using electron-beam lithography. After develop-
ment, the PMMA served as an etch mask to transfer
the DOE pattern into the silicon by inductively cou-
pled plasma reactive ion etching. By using a cus-
tomized selective and anisotropic etch, we are
capable of obtaining features as small as 50 nm with
flat sidewalls and aspect ratios of the order of 10:1.

A. Binary Phase Polarization-Selective Binary Grating

We designed our first element such that y-polarized
illumination is split into four beams of equal intensity
but x-polarized illumination is undiffracted, i.e., the
illumination responds to the element as though the
element were a homogeneous dielectric slab. Thusy
polarization must encounter a (0,m) binary phase
grating whereas x polarization senses only a constant
phase. Given these conditions, we require only two
grating structures, one to generate a (0,0) phase pair
and the other to generate a (0,7) phase pair.

The device, illustrated in Fig. 6(a), was designed in
silicon (n, = 3.41) for operation at 10.6 pm. At 4.7
pm, the etch depth corresponds to a phase delay
slightly larger than 2. The entire fabricated ele-
ment, shown in Fig. 6(b), was 2.5 mm X 2.5 mm in
size. Each unit cell was composed of ten subwave-
length grating periods, approximately 25 pm X 25
pm in size, with a minimum feature size of 1.2 pm.
Table 1 lists the desired and fabricated grating pa-
rameters used in this design example.

The experiment we used to characterize the ele-
ment is represented schematically in Fig. 7. The
source, a tunable CO,, laser with a center wavelength
of 10.6 pm, illuminates the DOE with linearly polar-
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Table 1. Design Specifications for Binary Phase Polarization-Selective

Binary Grating
A (pm) (rad)
Grating h i a id Ad
Phase Pair (wm) ff. ff, A, A, H* ¥ (rad)
(0,m)
Desired 4.7 040 1.00 25 25 1.07 422 315
Fabricated 46 043 1.00 24 24 1.16 426 3.10
(0,0)
Desired 4.7 050 050 2.5 25 1.02 1.02 0.0
Fabricated 46 055055 24 24 124 124 0.0
Polarization-Dependent
Subwavelength Element
Beam Expander Aperture Mounted on Rotation Stage
l |
CO, Laser @ | @ I
Far-Field Image
Displayed on Screen
IR Camera

Fig. 7. Experimental setup used to characterize the polarization-
selective DOEs.

Measured

Simulated

Fig. 8. Experimental results for the binary phase polarization-
selective binary grating. Measured and simulated results for (a)
x polarization, (b) linear polarization at 45°, (c) y polarization.

ized coherent radiation. The wave field diffracted by
the DOE was imaged onto a viewing screen and dig-
itally acquired with an IR camera and image grabber.
We rotated the DOE about the optic axis to test its
polarization-dependent behavior.

Simulated and experimental results, shown in Fig.
8, demonstrate the expected behavior of the device.
For y-polarized illumination the zeroth and four first
diffractive orders are clearly present. However, as
the device is rotated the diffracted orders start to dim
and, after rotation by 90°, i.e., when the polarization
is in the orthogonal direction, only the zeroth diffrac-
tive order is visible. We conducted the simulations
by propagating the complex field amplitudes within
the object plane to the far-field using a Fourier trans-
form. Both the experimental and the simulated re-
sults show the same qualitative behavior. However,
the experimental results do reveal a much brighter
on-axis spot than predicted. We believe this is pri-
marily a consequence of light that was transmitted
through the unetched portion of the sample. A more
quantitative presentation of the results is given in
Table 2. Here we determined the diffraction effi-
ciencies by calculating the percent energy of each of
the diffractive orders compared to the total amount of
energy captured by the IR camera. As a compara-
tive measure, the diffraction efficiencies of the simu-
lated results are also provided. There is clearly a
large discrepancy between the calculated and the
measured results. We attribute the majority of this
difference to the large on-axis spot in the measured
results.

B. Multiple-Phase Polarization-Selective Blazed Binary
Grating

We also designed a binary grating that corresponded
to a linear blaze in the x direction for x-polarized
illumination and a linear blaze in the y direction for
y-polarized illumination. Figures 9(a) and 9(b) show
the desired polarization-dependent phase responses.
In this case the phase pairs range continuously be-
tween (0,0) and (2w, 2m). Fabrication parameters
for this element were the same as for the first, except
the minimum feature was 0.5 pum. The period of the
blaze was 100 pm and the sampling distance was 10
pm. Thus each unit period was represented by a
matrix of 10 X 10 phase pairs and subwavelength
gratings. Given the 0.5-pm minimum feature, each
subwavelength grating consisted of 20 X 20 features.

Table 2. Measured and Simulated Diffraction Efficiencies (in percent) for the Example Problem Described in Figs. 6 and 8

Diffractive Order

(0,0) (=1,-1) (=1,+1) (+1,-1) (+1,+1)
Diffraction Efficiency ¥ x® y x y x y x y x
Simulated 4.4 97.4 23.9 0.65 23.9 0.65 23.9 0.65 23.9 0.65
Measured 28.4 64.2 11.3 1.4 11.1 1.2 10.9 1.1 11.1 1.2

“y polarized.
bx polarized.
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Fig. 9. Multiple-phase polarization-selective blazed binary grat-
ing. Desired phase profiles for (a) x- and (b) y-polarized illumi-
nation. Realizable phase profiles for (c¢) x- and (d) y-polarized
illumination. (e) Images of the fabricated element.

The simulated phase responses generated by the
encoded element are represented in Figs. 9(c) and
9(d). Substantial differences between the actual
and the desired phase responses are clearly evident.
In fact, at some locations the phase difference is as
large as 35%. This is primarily due to our choice of
a500-nm minimum feature size. Although reducing
the minimum feature below 0.5 wm allows us to de-
sign an element with a reduced phase error, the
electron-beam write time required to fabricate such
an element is prohibitively long. To fabricate a 3
mm X 3 mm element using 500 mm X 500 nm fea-
tures took us 3.5 h to write all 6000 X 6000 individual
features.

The fabricated element is shown in Fig. 9(e), and
the results from our experimental characterization

Table 3. Measured and Simulated Diffraction Efficiencies (in percent)
for the Example Problem Described in Figs. 9 and 10

Diffractive Order

(0,0) (-1,00 (+1,0) 0,-1) 0,+1)

Diffraction
Efficiency y“ 2y x y x y x y X

Simulated 54 5.2 51 08 620 6.8 53 54 0.9 61.0
Measured 334 31.6 6.1 24 282 3.3 4.1 43 29 279

“y polarization.
bx polarization.

(0,1) SR

1,00 (00
L

Measured

Simulated

(a) (®) (c)
Fig. 10. Experimental results for the multiple-phase polarization-
selective blazed binary grating. Measured and simulated results
for (a) x polarization, (b) y polarization, (c) linear polarization at 45°.

are shown in Fig. 10 along with simulation results.
The results for x polarization [Fig. 10(a)] clearly in-
dicate the expected (+1,0) diffracted order. How-
ever, a bright on-axis spot and dimmer (—1,0), (0,—1),
and (0,+1) diffracted orders are most likely a result of
the phase errors that result from the encoding. We
conducted the simulations by propagating the com-
plex fields, calculated using the rigorous coupled-
wave theory, to the far-field by a Fourier transform.
Simulation results by use of the encoded phase re-
sponses, presented in Figs. 10(b) and 10(c), also re-
veal the presence of the on-axis and other diffractive
orders seen during experiments. A more quantita-
tive presentation of the results is given in Table 3.
As in Table 2 we determined the diffraction efficien-
cies by calculating the percent energy of each of the
diffractive orders compared to the total amount of
energy captured by the IR camera. As in the previ-
ous example, the intense on-axis spot produced a
large discrepancy between the measured and the
simulated results.

4. Conclusion

In this paper we described a design methodology
for synthesizing polarization-sensitive diffractive
optical elements based on two-dimensional form-
birefringent microstructures. Our technique yields
a single substrate binary element that generates
nearly independent phase responses for horizontally
and vertically polarized illumination. In addition,
we demonstrated how to use this method to synthe-
size polarization-selective binary DOEs that have a
large number of phase levels in the phase response.
Our technique simplifies the fabrication process and
eliminates the artifacts produced by binary-phase el-
ements. We presented experimental results for two
elements operating at 10.6 pm that agreed with our
predictions of expected polarization-dependent be-
havior. We are presently working to integrate our
method into well-known CGH design algorithms to
produce polarization-selective CGHs with multiple
phase levels.
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