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Diffraction characteristics of high-spatial-frequency 1HSF2 gratings are evaluated for application to
polarization-selective computer-generated holograms by the use of two different approaches: second-
order effective-medium theory 1EMT2 and rigorous coupled-wave analysis 1RCWA2. The reflectivities and
the phase differences for TE- and TM-polarized waves are investigated in terms of various input
parameters, and results obtained with second-order EMT and RCWA are compared. It is shown that
although the reflection characteristics can be accurately modeled with the second-order EMT, the phase
difference created by form birefringence for TE- and TM-polarized waves requires the use of a more
rigorous, RCWA approach. The design of HSF gratings in terms of their form birefringence and
reflectivity properties is discussed in conjunction with polarization-selective computer-generated holo-
grams. A specific design optimization example furnishes a grating profile that provides a trade-off
between the largest form birefringence and the lowest reflectivities.
Key words: High-spatial-frequency gratings, form birefringence, effective-medium theory, rigorous

coupled-wave analysis, polarization-selective diffractive element.
1. Introduction

Polarization-selective computer-generated holograms
1CGH’s2 or birefringent CGH’s 1BCGH’s2 have been
found to be useful for numerous applications such as
image processing, photonic switching, and packaging
optoelectronic devices and systems.1,2 In contrast to
a conventional CGH, which is polarization insensi-
tive, the BCGH is capable of implementing two com-
pletely different functions for the two orthogonal
polarizations. Originally1,2 these BCGH’s were com-
posed of surface-relief gratings fabricated in two
substrates, with at least one of them birefringent.
All surfaces of the BCGH elements were coated with
an antireflection 1AR2 layer to minimize the insertion
losses.2 To improve the performance, increase the
reliability, decrease the fabrication errors, and allow
low cost and manufacturability, we consider a single-
substrate BCGH that utilizes form birefringence and
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AR properties of high-spatial-frequency 1HSF2 grat-
ings. Consider two approaches to constructing a
single-substrate BCGH: 112 create a surface-relief
etch in an isotropic substrate with posterior fabrica-
tion of the HSF form birefringent gratings in each
phase level, or 122 create the form birefringent grating
overcast by a layer of photoresist with a posterior-
fabricated surface-relief etch. In this paper, moti-
vated by the advantages of a single-substrate BCGH,
we focus on the investigation of HSF gratings in
terms of design and optimization of their form birefrin-
gence andAR properties.
HSF gratings with periodicities much smaller than

the wavelength of incident light have been studied3–6
because of their many unique and interesting proper-
ties that distinguish them from other diffraction
gratings. The general behavior of a HSF grating
appears to be similar to that of thin films3 because
only the zeroth diffracted order is allowed to propa-
gate. Hence HSF gratings can be used as alterna-
tives for single or multiple layers of thin films,
allowing more flexibility in design and fabrication
processes. Unlike bulk birefringence, which is caused
by anisotropic electrical properties on a microscopic
scale, form birefringence arises on scales much larger
compared with these microscopic dimensions but
smaller than the wavelength of incoming light.7 The
form birefringence phenomenon can be characterized
by the phase difference obtained between the transmit-
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ted TE- and TM-polarized light waves, similar to the
optical anisotropy observed in a slab of a uniaxial
crystal. This anisotropic effect can be used for phase
retardation, as in retardation plate devices,8 or for
distributed index structures to imitate a sawtooth
grating.9 Furthermore, because of their polarization-
selectivity properties, such structures can be used as
polarizing beam splitters,10,11 Another important fea-
ture of HSF gratings is theirAR property. Compared
with standard optical thin-film coating technologies,
the HSF AR microstructure provides the advantages
of durability, damage resistivity, and the ability to
substitute materials of specific characteristics that
are unsuitable or unavailable in thin-film form.
Mainly two approaches are used for modeling HSF

microstructures. The first approach, which is called
the effective-medium theory 1EMT2, solves the grating
diffraction problem by dividing the grating profile
into a stack of multiple layers and substituting each
layer with a homogeneous anisotropic material of
equivalent dielectric constants for a normal incidence
TE-polarized field 1electric-field vector perpendicular
to the grating vector, or E ' K2 or TM-polarized
field12,13 1electric field parallel to the grating vector, or
E \ K2. Because only the zeroth diffractive order is
assumed to propagate, the optical properties of the
HSF grating are determined by the use of wave
propagation in stratified media. The second ap-
proach is based on rigorous electromagnetic wave
theory, known as differential14,15 and integral meth-
ods.14 The design approach we used in this paper is
based on a differential method that is called the
rigorous coupled-wave analysis16,17 1RCWA2.
This paper has two main objectives: The first is to

provide a detailed comparison between EMT and
RCWA approaches to characterize the form birefrin-
gence and the reflectivity of HSF gratings. For
various input parameters we show that EMT, com-
pared with RCWA, can provide accurate results for
reflectivities, but results obtained for a phase differ-
ence between TE- and TM-polarized waves deviate
significantly. This confirms the necessity of using
RCWA for a single-substrate BCGH design, which
requires high accuracy for encoding the desired phase
differences. The second objective is to establish
simple criteria for defining the grating profile to
satisfy two design considerations of HSF microstruc-
tures for a single-substrate BCGH: a large phase
difference and low as well as uniform reflectivities for
both TE and TM polarizations. This design criteria
set a trade-off between two extreme grating-shape
cases, the rectangular and the triangular profile
gratings.
In Section 2 we briefly describe the EMT and the

RCWA techniques used for a HSF grating design,
together with the chosen computation algorithm.
In Section 3 we compare and discuss numeric simula-
tion results obtained from the EMT and RCWA for
phase differences and reflectivities of gratings with
various parameters. Section 4 introduces the design
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criteria of HSF gratings for BCGHapplication, provid-
ing an optimal HSF grating profile that can furnish
the largest birefringence and smallest reflectivities.
Section 5 summarizes the results.

2. Effective-Medium Theory and Rigorous
Coupled-Wave Analysis

The EMT model12,13,18,19 is based on the uniaxial of a
HSF grating. Such a grating has a small period-to-
wavelength ratio such that high diffraction orders are
evanescent and only the zeroth order can propagate.
A surface-relief grating of a rectangular-groove pro-
file, as shown in Fig. 11a2, can be divided into three
regions: the region of incident material, the grating
region, and the substrate region. The regions of
incident and substrate materials are homogeneous
isotropic dielectric, with real dielectric constants eI
and eIII, respectively. The grating region consists of
both materials, divided from each other by the bound-
ary of the microstructure, defined as a grating profile.
Here, d is the grating thickness, L is the grating
period, F is the duty cycle 1filling factor2 of the
grating, K 5 2px̂@L is the grating vector parallel to
the x̂ axis, and k 5 0k 0 5 2p@l is the magnitude of the
incident wave vector. A normally incident electro-
magnetic wave of wavelength l is either TE polarized
or TMpolarized. Figure 11b2 illustrates the correspon-
dent thin-film equivalent of the grating in Fig.
11a2, represented by a single homogeneous aniso-
tropic layer with the same thickness d and with the
corresponding effective dielectric constants eE'K for
eE\K for TE and TM polarizations, respectively.
Similarly, an arbitrary grating profile 3see Fig. 21a24
can be modeled by a stack of thin layers 3Fig. 21b24
with the total thickness identical to the grating-

Fig. 1. Schematic diagram of 1a2 a HSF rectangular surface-relief
grating, 1b2 its equivalent homogeneous layer model.



region thickness but with different equivalent dielec-
tric constants for each layer: eE'K

1i2 , and eE\K
1i2 , where

i 5 1, . . . , N,N being the number of layers.
In general, eE'K and eE\K are determined by the

solution of the transcendental equations12 derived
under the conditions of normal incidence and non-
static electromagnetic-field distribution in the grat-
ing structure. As the period-to-wavelength ratioL@l
becomes larger, more higher-order terms from the
series expansions of transcendental functionsmust be
included in the analysis. Zero-order approximation7
is independent of L@l and can be obtained under the
assumption that the electric field E 1for E ' K
polarization2 and the displacement vector D 1for E \ K
polarization2 are approximately constant across the
grating period:

e0,E'K 5 FeIII 1 11 2 F2eI,

e0,E\K 5
eIIIeI

FeI 1 11 2 F2eIII
, 112

where F is the duty cycle of the grating and the
subscript 0 indicates the zero-order approximation.
In our numerical simulation, however, more precise
second-order solutions are used12,13:

e2,E'K 5 e0,E'K 1
1

3 1
L

l 2
2

p2F211 2 F221eIII 2 eI2
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2
2

3 e0,E\K
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Fig. 2. Schematic diagram of 1a2 HSF sinusoidal surface-relief
grating, 1b2 its equivalent homogeneous multilayer model.
where e0,E'K and e0,E\K are defined in Eqs. 112. The
second-order effective dielectric constants 3Eqs. 1224, in
contrast to the zero-order ones 3Eqs. 1124, depend on the
square of theL@l ratio. Equations 112 and Eqs. 122 are
designated as the zeroth-order EMT and the second-
order EMT, respectively. The properties of the single
or multiple layers replacing the grating region are
obtained by the use of classical methods of wave
propagation in stratified media.20
Although the zeroth- and the second-order EMT’s,

as presented below, were shown to give precise results
for L@l 9 1, they are not valid when the value of L@l
approaches 1ŒeI 1 ŒeIII221, as EMT is based on the
premise that only zero orders are propagating. On
the other hand, RCWA’s, although usually very inten-
sive in their numeric implementations, can accu-
rately describe the diffraction by surface-relief grat-
ings for arbitrary period-to-wavelength ratios. The
RCWA is one of the rigorous methods14 whereas other
rigorous techniques, such as finite-difference,21 finite-
element,22 as well as integral14 and modal23 methods,
have also been successfully used. For our study,
RCWAwas chosen as the most developed and suitable
modeling approach.
The RCWA, first introduced in Ref. 16 to analyze

the diffraction properties of TE-polarized light in
lossless surface-relief gratings, can be summarized as
follows. A single period of a surface-relief grating is
first divided into a large number of planar layers, as
depicted in Fig. 3. For each such layer, the optical
fields are formulated in terms of spatial harmonics by
Fourier series expansions of the dielectric constant.
The effective dielectric constant of each layer is
calculated as a volume-weighted average of the dielec-
tric constants of the incident and the substrate
regions. When the components of these spatial har-
monics are substituted into the wave equation, a
sequence of coupled first-order linear differential
equations can be generated. The equations can be
solved in terms of their eigensolutions. The field
distribution in each layer of the grating can be
represented by the superposition of these eigensolu-
tions. Transmission and reflection diffractive fields
can then be derived by a match of the appropriate

Fig. 3. Geometry of surface-relief grating and its decomposition
into thin rectangular gratings by RCWA.
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boundary conditions. Subsequently, diffraction effi-
ciencies are calculated for propagating transmitted
and reflected diffraction orders. Energy conserva-
tion is used as a criterion for the convergence of
numeric solutions. Input parameters, namely the
total number of diffraction orders and the number of
layers, are increased until the precision and the
results themselves remain constant within the limits
of the chosen numeric accuracy. The case of TM
light polarization was treated in a similar manner,
with the proper wave equation used for this polariza-
tion and the coupled-wave equations modified for the
case of a surface-relief grating.17 The RCWA was
also extended and generalized to more complicated
cases.24–27
In our own implementation of the original algo-

rithm, the problem of instability was encountered,
especially for materials with a larger effective grating
thickness characterized by d, eI, and eIII. The insta-
bility is caused primarily by the large linear system
coefficients, which contain exponential factors with
the exponent given by the product of eigenvalue and
grating thickness. Unfortunately, this would exactly
be the case of a deep, highly formed birefringent
grating that would be required for constructing a
single-substrate BCGH. Thus, to avoid numeric cal-
culations instabilities, a modified algorithm for solv-
ing the boundary conditions, as recently presented in
Ref. 28, was successfully implemented. If the eigen-
values are suitably reorganized and resorted, as in
Ref. 28, it is possible to find a recurrent definition for a
new sequence of matrices that will behave well, even
for large effective grating thicknesses or a large
number of included diffraction orders.

3. Numeric Simulations and Comparison

One of the objectives of this paper is to compare the
TE and the TM wave phase differences and reflectiv-
ity characteristics of HSF gratings calculated with
the EMT and RCWA and to determine when it is
possible to rely on the results obtained from the use of
EMT and when it is necessary to use RCWA. Below,
the phase difference between transmitted TE- and
TM-polarized waves and reflectivities for TE and TM
polarizations are calculated as a function of different
HSF grating parameters, including certain grating
profiles, grating thicknesses, angles of incidence, and
duty cycles. To carry out the comparison, we have
chosen eI 5 1.0 and eIII 5 6.25 for all calculations
presented.

A. Phase Difference between TE- and
TM-Polarized Waves

Form birefringence of HSF gratings is characterized
by the phase difference between TE- and TM-
polarized waves propagating through the grating.
Figure 4 shows the phase difference as a function of
normalized grating thickness 1d@l2, with a normal-
ized grating period as a parameter 1L@l2, when the
incident wave propagates normal to the grating sur-
face. Such normalization of parameters is kept
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throughout this paper. The grating profile is rectan-
gular, with a 50% duty cycle. Figure 41a2 shows
results from the second-order EMT whereas, in com-
parison, Fig. 41b2 shows results from the RCWA. In
both figures, the phase difference increases almost
linearly, with slow modulation depending on the
grating depth. This modulation is characterized by
ripples on curves in Figs. 41a2 and 41b2, which are due
to multiple reflections inside the grating structure,
similar to that of the thin-film case. The results
from the second-order EMT 3Fig. 41a24 do not exactly
match those obtained with RCWA 3Fig. 41b24 in which
difference between them gradually increases for a
larger grating period. RCWA results show that the
phase difference decreases when L@l increases 1for
constant d@l2, whereas the EMT results show an
opposite behavior. The deviation becomes more pro-
nounced when L@l is greater than 0.4 because the
EMT does not account for higher propagating diffrac-
tive orders.
Figure 5 illustrates the phase difference introduced

by the rectangular grating as a function of its duty
cycle F for several normalized grating periods
1L@l 5 0.1, 0.2, 0.32 and a fixed grating depth
1d@l 5 1.02. The phase difference for different duty
cycles is not symmetrical, with its maximum value
located aside the 50% duty cycle. When the grating

Fig. 4. Phase difference between TE- and TM-polarized light at
normal incidence as a function of a normalized thickness rectangu-
lar-shaped grating of 50% duty cycle, with the normalized grating
period as a parameter, with 1a2 second-order EMT, 1b2 RCWA.
The grating is made of a material with eIII 5 6.25 in air eI 5 1.0.



period is increased, the location of the maximum
phase difference shifts toward smaller F values.
Comparing the results obtained with the EMT 3Fig.
51a24 and the RCWA 3Fig. 51b24, we observe that the
values provided by the EMT are always slightly
higher than these provided by the RCWA.
Figure 6 depicts the phase differences for the

rectangular 50% duty cycle HSF grating as a function
of incidence angle. For this special case, the plane of
incidence contains the grating wave vector, with
angle u between the wave propagation direction and
the surface normal 1see Fig. 6 for the definitions of TE

Fig. 5. Phase difference between TE- and TM-polarized light at
normal incidence as a function of a rectangular-shaped grating
duty cycle, with d@l 5 1.0 and L@l as a parameter, with 1a2
second-order EMT, 1b2 RCWA.

Fig. 6. Phase difference between TE- and TM-polarized light as a
function of angle of incidence for a rectangular 50% duty cycle
grating with d/l 5 1.0 and L/l 5 0.1 and 0.3.
and TM polarizations2. For L@l 5 0.1, the EMT and
the RCWA results follow the same functional behav-
ior, i.e., the phase difference decreases with the
increase of the angle of incidence. However, for
L@l 5 0.3, the results from the EMT and the RCWA
are different: EMT results show behavior similar to
that with L@l 5 0.1, whereas RCWA results show
opposite behavior, in which the phase difference in-
creases with the increase of the incident angle. The
recent study of Ref. 29 shows that when the HSF
grating is illuminated under an angle, the anisotropic
nature of the HSF grating needs to be taken into
consideration for calculating the effective indices from
the EMT, especially when L@l approaches the non-
quasi-static regime 3i.e., L@l = 1ŒeI 1 ŒeIII2

214. This
may explain the large difference between the results
obtained from use of the EMT and the RCWAatL@l 5
0.3 1see Fig. 62. In all cases, the phase differences
remain almost constant for small incidence angles
1i.e., less than 1.5% deviation in the range 0°–20°2.
This angular behavior needs to be accounted for in
designs of BCGH for applications that operate wide
angular bandwidth signals.
Similarly, we can model more complicated surface-

relief microstructures 1e.g., triangular shaped2.
Figure 7 shows the phase differences for triangular
profiles as a function of normalized grating thickness
with grating periods of L@l 5 0.1 and 0.3, calculated
with the EMT and the RCWA. For both grating
profiles, the phase difference dependence is close to a
linear function, similar to that of the rectangular
profile 1see Fig. 42, but with a smaller slope and much
less modulation. Results from the EMT and the
RCWAare close to each other whenL@l 5 0.1 but they
are different for an increased ratio of L@l 5 0.3.

B. Reflectivity

The second HSF grating property of interest for our
design is reflectivity for both TE and TMpolarizations.
Figure 8 shows zero-order reflectivities as a function
of grating depth for a 50% duty cycle rectangular
grating with periods of L@l 5 0.1 and 0.3. The
reflectivity functions have sinusoidal behavior, with
periodicities of oscillations different for TE and TM

Fig. 7. Comparison of phase differences between TE- and TM-
polarized light at normal incidence as a function of normalized
thickness, and normalized grating period as a parameter for a
triangular profile grating.
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polarizations because of different effective dielectric
constants. Although this characteristic can be used,
for example, for polarization-selective mirrors,30 it is
undesirable for our design of a single-substrate BCGH,
for which low and uniform reflectivities for both
polarizations are required. Both Figs. 81a2 and 81b2
indicate that the EMT and the RCWAproduce similar
results in aHSF grating, with one exception occurring
for TM polarization with L@l 5 0.3, in which approxi-
mately 11% difference in maximum reflectivity occurs
for calculations obtained from the EMT and the
RCWA.
Reflection properties for triangular profiles with

L@l 5 0.1 are shown in Fig. 9 for TE and TM
polarization. To show the results in detail, the y axis
was scaled up. Unlike the rectangular grating 1Fig.
82, which exhibits large reflectivity oscillations in
grating depth, reflectivities for both triangular grat-
ings decline rapidly as grating depth increases, exhib-
iting damped oscillatory behavior. Therefore both
reflectivities start to stabilize and stay within a low
value after reaching a certain grating thickness. For
a triangular grating with L@l 5 0.1 and d@l . 0.75,
the reflectivities for both TE and TM polarizations
are less than 1%. Thus it can be utilized as a
substitution for antireflective coatings. In particu-
lar the triangular profile microstructure exhibits
smaller reflectivity and less oscillations, which will be

Fig. 8. Reflectivity of TE- and TM-polarized light at normal
incidence as a function of a normalized thickness rectangular-
shaped grating of 50% duty cycle for 1a2 L@l 5 0.1, 1b2 L@l 5 0.3.
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shown useful in designing HSF gratings for a single-
substrate BCGH.
In conclusion, results presented in this section for

rectangular-shaped gratings show that the EMT pro-
vides quite accurate results for reflectivities at TE
1E ' K2 polarization for both L@l 5 0.1 and 0.3 1see
Fig. 82. However, for the reflectivity at TM 1E \ K2
polarization, the difference between the results of the
EMT and the RCWA is negligibly different for L@l #
0.1 3see Fig. 81a24. This difference in TM wave reflec-
tivity becomes even more pronounced for L@l 5 0.3
3see Fig. 81b24 because of the larger errors in calculat-
ing the effective refractive index with the EMT. This
confirms the conclusions from the literature,13,18,19
i.e., that EMT provides an accurate, efficient and
simple tool that is useful for modeling and designing
AR microstructures. In contrast, large deviations
were found for phase difference results obtained with
the EMT and the RCWA. For example, the phase
calculation error from using the EMT instead of the
RCWA can exceed 10% 1see Fig. 4 at L@l 5 0.3 and
d@l 5 1.02, whereas a 16-phase-level CGH corre-
sponds to a phase quantization level of 6.3%. There-
fore, the EMT calculations can introduce an error
bigger than the quantization error. These deviations
are especially pronounced for gratings with larger
grating periods, which are easier to fabricate, and
thus are more attractive for our design. Therefore,
when phase properties of HSF gratings are of critical
importance 1e.g., single-substrate BCGH design2, we
found that a rigorous technique 1e.g., RCWA2 is neces-
sary to guarantee correct results.

4. Design Considerations of High-Spatial-Frequency
Gratings for a Birefringent Computer-Generated
Hologram

The coexistence of form birefringence and AR proper-
ties in HSF gratings creates a new dimension in
design of optical birefringent components. WithHSF
gratings such components can be designed and fabri-
cated by either optical casting or direct etching the
grating structures into the substrate.8 Unlike the
anisotropic thin film that exhibits fixed birefringence,
the birefringence of the HSF grating microstructure

Fig. 9. Comparison of reflectivities of TE- and TM-polarized light
at normal incidence as a function of a normalized triangular-
shaped grating thickness and L@l 5 0.1.



can be controlled by change in one of the grating
parameters. For example, the surface profile or duty
cycle can be varied to tune the birefringence according
to the design requirements. In addition to possess-
ing form birefringence, the HSF microstructures pos-
sess AR characteristics that can also be considered
and used in designing optical components. However,
because the birefringence and the AR properties of
HSF microstructures are interrelated, design optimi-
zation will be required for applications that rely on
both properties 1e.g., a single-substrate BCGH2.
Despite the advantages in design flexibility dis-

cussed above, fabricating such a HSF microstructure
with a feature size smaller than the wavelength
remains a challenging task. The fabrication difficul-
ties are especially pronounced for HSF gratings that
need to be operated in the visible wavelength region,
where the grating feature size is reduced to submi-
crometer range. Existing techniques, such as holo-
graphic recording with subsequent reactive ion etch-
ing6 or x-ray lithography,4 can provide a minimum
feature size close to this range, not, however, without
losing the grating-shape design flexibility and accu-
racy. Current advances in developing microfabrica-
tion technology show promise for fabrication of HSF
microstructures of a certain profile in the visible
wavelength range.
For the design of a single-substrate BCGH, we

require maximized phase difference and minimized
reflectivity for TE- and TM-polarized waves. As
illustrated in Fig. 3, any arbitrary grating profile can
be divided into multiple layers, each consisting of an
effective rectangular grating that approximates the
actual profile. To maximize the phase difference of
the HSF microstructure, the phase difference of each
individual layer should be maximized. Figure 5
shows that the phase difference for TE and TM waves
can vary in a wide range, depending on the duty cycle
of the HSF grating. Consider a triangular grating
decomposed into layers with approximately rectangu-
lar shape. As the duty cycles of these effective
rectangular gratings change linearly from zero to one
throughout the entire triangular grating depth, the
total phase difference obtained with a triangular HSF
microstructure will be smaller than the phase differ-
ence provided by an equal thickness HSF rectangular-
shaped grating with a 50% duty cycle.
In contrast, the triangular profile HSF grating

exposes much smaller and more uniform reflection
3Fig. 101b24 than the rectangular one, because its
profile can be represented by layers with a monotoni-
cally increasing average dielectric constant. The
rectangular profile, though, has the same average
dielectric constant for each individual layer, resulting
in a large dielectric constant discontinuity at the
bottom and the top of the grating6 and consequently
exhibits strong oscillations in reflectivity, depending
on the grating depth 1Fig. 82. Although at certain
depths or duty cycles the rectangular grating can also
provide very low reflectivities for both TE and TM
polarizations, for practical purposes, especially be-
cause of the limits of current fabrication techniques,
such strong dependence of reflection on the grating
depth is not acceptable.
It can be concluded that designing a HSF grating

that possesses both qualities, i.e., a large phase
difference and low and uniform reflectivities for both
TE and TM polarizations, requires another grating
shape lying between the rectangular and the triangu-
lar profiles. Below, simple design criteria that allow
us to define an optimum HSF grating profile for
achieving the necessary HSF grating properties is
specified. When these criteria are applied, numeric
results based on RCWAare provided.
The first criterion defines a range of duty cycles

that can be obtained with multiple layers represent-
ing the grating profile 1see Fig. 32. From Fig. 51b2, we
first locate the position for the maximum phase
difference 1e.g., for L@l 5 0.3, F 5 0.42; then, on each
side of this point, we set two equidistant 1without loss
of generality2 points defined as a and b 1see Fig. 102.
a and b set the range of duty cycles that can be
obtained with the multiple-layer representation of
the desired HSF grating profile 1i.e., a , F , b2.
Depending on the total phase difference required, the
distance between a and b can vary within two ex-
treme cases that represent the rectangular grating
140% duty cycle: a 5 b 5 0.42 and the triangular
grating 1a 5 0, b 5 12, respectively. Thus all possible
grating shapes 1like the curved profile in Fig. 102 that
satisfy the criterion mention above are generally
allowed.
The second criterion ensures small and uniform

reflectivities independent of grating thickness for
grating profiles that satisfy the first criterion. This
requires that the effective dielectric constants that
correspond to the multiple layers that represent the
HSF grating should be a monotonically decreasing
sequence, implying an increase in groove width from
the bottom to the top of the grating. Here, among all
possible grating profiles within the limits a and b, a

Fig. 10. Schematic drawing of the optimized profile that com-
prises a large phase difference 1curved shape2 and a simultaneous
low and uniform reflectivity 1trapezoidal shape2.
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linear function was chosen for simplicity, as shown in
Fig. 10. More complicated functions could be treated
in a similarmanner. In summary, the actual geomet-
ric shape of the grating profile now depends on the
two parameters a and b. Varying these two param-
eters will allow us to find the optimum grating shape
that will satisfy specific requirements on the phase
difference and the reflectivity properties.
The results fromRCWA, which compare the profiles

with different parameters a and b for L@l 5 0.3, are
shown in Figs. 11 and 12 for the phase difference and
the reflectivity, respectively. The phase differences
shown in Fig. 11 decrease from their maximum value
for the rectangular profile 1a 5 b 5 0.42 toward the
minimum value for the triangular profile
1a 5 0, b 5 12. The TE and the TM reflectivities
shown in Figs. 121a2 and 121b2, respectively, reduce
much more rapidly than the corresponding decrease
in the phase difference with increasing distance be-
tween a and b, especially for gratings of a larger
thickness. Moreover, increasing the difference be-
tween a and b would reduce the amplitude of oscilla-
tions for TE and TM reflectivities. The results in
Figs. 11 and 12 show that the maximum phase
difference and minimum reflectivities cannot coexist
in general. Appropriate values of a and b should be
determined during the design procedure, depending
on specific application requirements 1e.g., desired
phase difference and acceptable reflectivities2.
As a specific example, consider a single-substrate

binary-phase BCGH design. A binary-phase BCGH
would require two phase levels, zero and p.2 As a
fabrication constraint, we restrict the etch depth not
to exceed the value of the operating wavelength;
therefore the grating profiles with parameters a ,
0.1, and b . 0.7 1see Fig. 112will not be able to provide
the required p phase difference, although they can
possess much lower reflectivities 1see Fig. 122. A
possible trade-off would be to define the grating
profile with parameters a 5 0.2 and b 5 0.6. This
profile can satisfy the desired p phase difference
requirement, yet still provide more than twice the
reduction in peak reflectivities compared with the
rectangular-shaped profile. Moreover, the 2p phase

Fig. 11. Phase difference between TE- and TM-polarized light at
normal incidence as a function of a normalized thickness optimized
profile for L@l 5 0.3, obtained by RCWA.
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difference can also be achieved simply by the rotation
of the grating orientation of 90°. Note that gratings
with a larger refractive-index difference 1nIII 2 nI2will
result in a larger phase difference and reflectivities.
Therefore we expect that the design optimization may
shift toward a triangular shape for a high refractive-
index substrate and toward a rectangular shape for a
low refractive-index substrate.
The second desired phase difference for binary

BCGH’s is zero, which could be simply obtained if no
microstructure is used. However, in this case, the
surface would exhibit very high reflectivity 1see Fig.
12 in the limit of zero grating thickness2. For this
case, a two-dimensional antireflective microstructure
can provide a solution. As shown in Refs. 18 and 31,
two-dimensional HSF grating microstructures with
identical profiles in both dimensions would exhibit
isotropic behavior, resulting in a zero phase differ-
ence, while they would give smaller reflectivities than
that of the one-dimensional HSF grating.18 For a
single-substrate BCGH, such a HSF microstructure
can be obtained by fabrication in the same pixel
grating profiles for 1p and 2p 1i.e., 90° rotated
grating2 phase differences. Such a structure will
result in zero phase difference and minimized reflec-
tivity.

5. Conclusion

The numeric simulation results show that for the
HSF grating design for applications that rely on both

Fig. 12. Reflectivity of 1a2 TE- and 1b2 TM-polarized light at normal
incidence as a function of normalized thickness optimized profile
for L@l 5 0.3, obtained by RCWA.



reflection and phase difference characteristics, such
as a single-substrate BCGH, we need to use the
RCWA technique. Detailed comparison between re-
sults obtained with the EMT and the RCWA for both
the phase difference and the reflectivities for TE and
TM polarization have been performed. Although the
modeling of reflectivities can be accurately performed
by the use of the EMT, as indicated by this and other
studies existing in the literature, for phase character-
istics a rigorous approach must be used. The influ-
ence of changing grating parameters, such as grating
thickness, duty cycle, angle of incidence, and HSF
grating profile, has also been discussed.
Design considerations of HSF gratings for the pos-

sible use in a single-substrate BCGH have been also
presented. Two major requirements on HSF grat-
ings are imposed by BCGH application: a large
phase difference 1form birefringence2 and minimum
reflectivity for both TE- and TM-polarized light.
Although these two performance characteristics are
found to be contradictory, we formulated simple de-
sign criteria of an optimum grating profile that can
provide the desired phase difference and simulta-
neously reduce the reflectivity. This technique can
be used to optimize properties of HSF gratings accord-
ing to the particular application requirements.
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tions. This work is supported by National Science
Foundation grant ECS-9311062, Advance Research
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NATO 931141.
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