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Polarization independence in a one-dimensional resonant grating waveguide structure involves the simulta-
neous excitation of two guided modes propagating in different directions. Possible simultaneous excitations
occur when the two excited guided modes have either the same polarization, i.e., TE-TE (transverse electric) or
TM-TM (transverse magnetic), or different polarizations, i.e., TE-TM. Simultaneous excitations may result in
bandgaps and singularities. We confirm and show that in order to achieve polarization independence, it is nec-
essary to find the conditions that minimize the effects of such bandgaps and singularities and experimentally
demonstrate tunable polarization independence for simultaneously excited TE-TM-guided modes.
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1. INTRODUCTION

Resonant grating waveguide structures (GWSs) are mul-
tilayered structures that exhibit an anomaly in the re-
flected light at a specific wavelength, angular orientation,
and polarization of the incident light when radiating
guided modes are excited [1]. Although in general the
resonant response of a GWS depends on polarization, spe-
cial GWS geometries and incident illumination conditions
were found to yield polarization independence. These in-
clude one-dimensional GWSs with specific grating duty
cycles that are illuminated at a full conical incidence
angle [2-4], as well as two-dimensional GWSs with spe-
cifically chosen grating parameters that are illuminated
at normal incidence [5,6] or oblique incidence [7-9].

In this paper we show that polarization independence
need not be confined to these special cases. Indeed, there
is a range of incident angular orientations for which there
is a corresponding range of wavelengths that will lead to
near-polarization-independent resonance for any one-
dimensional GWS. In our approach we characterize the
GWS by photonic bands that are formed by plotting the
reflection efficiencies as a function of the angular orienta-
tion and wavelength of the incident light at resonance. We
will demonstrate that near polarization independence is
possible when the photonic bandgaps between the bands
are relatively small in frequency and the polarizations of
the two bands around the gap are nearly orthogonal. With
this development, the GWS becomes more attractive for a
number of applications that require high spectral reso-
lution and nonpolarized light, including sensitive
biological/chemical sensors [10,11] and optical communi-
cations [12-14].

We begin by using wave-vector diagrams (WVDs)
[15,16] in order to find the approximate resonant wave-
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length and angular orientation of the incident beam
where two different directional guided modes are simul-
taneously excited and then resort to more accurate and
exact numerical rigorous coupled-wave analysis (RCWA)
calculations [17], which take into account mode coupling
and polarization effects. We consider and compare polar-
ization independence in one-dimensional GWSs when the
two simultaneously excited radiating guided modes are of
the same polarization as well as when their polarizations
differ and qualitatively compare the two situations.
Finally, we experimentally demonstrate tunable near-
polarization-independent behavior when the polariza-
tions of the excited modes differ.

2. DESIGN CONSIDERATIONS

The basic GWS configuration, together with the relevant
geometrical and optical parameters that affect the reso-
nance, is presented in Fig. 1. The GWS is composed of a
waveguide layer of thickness 4,,, and dielectric index ¢,,,
a grating layer of thickness h,., period A, grating duty
cycle a/A, and dielectric index ¢,,. These layers are depos-
ited on a thick substrate of dielectric index ¢€y,. On top of
the GWS there is a superstrate layer of dielectric index
€p, usually air. Also shown are two alternative represen-
tations of the angular orientation of the incident light
beam. In one, shown in Fig. 1(a), the angular orientation
is denoted by a set of two “spherical coordinate” angles; ¢,
the angle between the plane of incidence in respect to the
x axis; and 6, the angle between the incident light beam
and the z axis. In the other, shown in Fig. 1(b), the angu-
lar orientation is denoted by a set of “cartesian” angles: 6.
denotes the classical orientation where the plane of inci-
dence is perpendicular to the grating grooves (initial ro-
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Fig. 1. (Color online) Basic GWS configuration with geometrical
and optical parameters and incident light orientation denoted by
(a) “spherical” angles ¢ and 6. A specific plane of incidence is de-
fined by the value of ¢. (b) “Cartesian” angles 6, along the clas-
sical plane of incidence and 6yoy along the full conical plane of
incidence.

tation around the y axis), and 6cpy denotes the conical
angle where the plane of incidence is along the grooves
(initial rotation around the x axis). In essence, - denotes
the angle between the propagation vector of the incident
light beam and its projection on the y—z plane, while 6con
denotes the angle between the propagation vector of the
incident light beam and its projection on the x—z plane.
The relation between the two sets of angles is

sin(fc) = sin(6)cos(¢),

sin(fcop) = sin(A)sin(e). (1)

Since the grating in a GWS is periodic in the x direc-
tion, we can resort to the Bloch—Floquet condition [15] to
write the resonance condition for the excitation of a
guided mode of the structure without the grating. This
yields a wave vector Brg/riy for either transverse electric
(TE) or transverse magnetic (TM) polarization of the form

Biruir = (kb = mK,)? + k3, (2)

where K, denotes the basic reciprocal lattice constant of
the grating, K,=27/A; A is the grating period; m is the
diffracted order; and &, and &, are the transverse incident
wave vectors in the x and y directions, respectively. The
incident wave vectors k, and %, are related to the angular
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Fig. 2. (Color online) Wave-vector diagrams showing conditions
for which TE- and TM-guided modes are simultaneously excited
at classical (\;) and off-classical (\y) incidence.

orientation of the incident light 6- and 6con by
ky=kq sin(fc) and k,=k( sin(0con), where ky=27/\ is the
free-space wave vector with Ay the free-space wavelength.
The corresponding set of spherical coordinate angles ¢
and 6 can be found from Egs. (1).

Equation (2) represents circles centered at (mK,,0) and
can be drawn as WVDs [2] when letting the frequency of
the guided mode be equal to that of the incident light. A
representative WVD for first-order diffractions m==+1 is
shown in Fig. 2. Here the circles are centered at +K, and
-K, with radii Brg(\{) and Bry(\;) corresponding to
wavelength \; and Brg(\g) and Bry(N\g) corresponding to
N9, where the circles on the right correspond to TE-excited
guided modes and those on the left to TM. The central
gray circular area represents a light cone, which has a ra-
dius of k,. Only those guided modes with wave vectors
Brr or Bry that fall on the arcs within the light cone can
be excited.

The intersections for circles with the same wavelength
indicate where two guided modes are simultaneously ex-
cited, each with corresponding wave vectors as shown in
Fig. 2. Such simultaneous excitation is necessary [2,8] but
not sufficient for polarization independence [4]. At classi-
cal incidence, i.e., k,=0, an intersection occurs at the
point where the TM circle touches tangentially the TE
circle for incident wavelength \;. When the size of the
circles increases, i.e., for a shorter wavelength (\g<\y),
intersections will occur at off-classical incidence. On the
other hand, for longer wavelengths (A\y>\;), there are no
intersections, indicating the absence of simultaneously
excited guided modes and no possibility for polarization
independence. It should be noted that the WVDs do not
take into account mode coupling nor the finite bandwidth
of the resonance, both of which allow the coupling of
guided modes and incident light of different frequencies.
These will effectively lead to the widening of the circum-
ference of the WVD circles and possible splitting at the
intersections [15,16].

3. CALCULATED RESULTS

In order to take into account the coupling between the in-
cident light and the excited guided modes, as well as the
coupling between two simultaneously excited guided
modes, we resorted to numerical calculations based on the
RCWA method for infinite gratings [17,18]. Specifically,
we calculated the reflection efficiency as a function of the
angular orientation and wavelength of the incident light.
For these calculations we used the “Cartesian” set, 6con
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and 6c, to denote the angular orientation of the incident
light, as they are closely related to k, and k,, making the
comparison between WVDs and exact numerical calcula-
tions direct. The Cartesian set is also closely related to
our experimental setup, where we change the angular ori-
entation by rotating the GWS around two perpendicular
axes. In addition, each angle represents a variation along
a different symmetry axis of the GWS; specifically, the ho-
mogeneous axis y for which the %, of the incident light
and excited guided mode must be the same, and the peri-
odic axis x for which the %, of the incident light and ex-
cited guided mode will vary by +K,.. For these and all sub-
sequent calculations and experiments, we used a typical
GWS having the following parameters: Waveguide layer
of 0.47 um thickness and refractive index n=1.75, grating
of 0.980 um period, 0.35 um thickness, n=1.55, 50% duty
cycle (unless specified otherwise), superstrate of n=1, and
substrate of n=1.5.

The calculated results are presented in Figs. 3-7. We
begin by summarizing the polarization-independent reso-
nant behavior when two excited guided modes with the
same polarization, i.e., TM-TM and TE-TE, are excited,
confirming earlier theoretical [2,4,8] and experimental re-
sults [3]. Specifically, we calculated the reflection effi-
ciency as a function of the full conical angular orientation
(since simultaneous excitation of two guided modes of the
same polarization and order always occurs at -=0°) and
the wavelength for right-handed circularly polarized,
s-polarized, and p-polarized incident light. The results are
presented in Fig. 3. Figure 3(a) shows two main reso-
nance bands when the incident light is circularly polar-
ized, a TE-TE resonance band at long wavelengths, and a
TM-TM band at short wavelengths. A close examination
reveals that each band is actually composed of two sepa-
rated “inner” bands displaced by a small photonic band-
gap. The two bands result from the in-phase and out-of-
phase excitation of the simultaneously excited modes,

(a) Circular N |
=4 . .
§ Polarization .é s
[S—} L.%
= 1. S~ o6
B0 o
= T™M-TM =y
S bands .2 o4
o o)
= 3
§ ] 0.2
o
1.55 m

A
o
o

20 40

=
20 & E 0 20
0, [deg] 0.,y [deg]

Fig. 3. (Color online) Numerically calculated reflection effi-
ciency as a function of full conical incidence angle 6qoy and the
wavelength for TM-TM- and TE-TE-excited guided modes. (a)
Circularly polarized incident light, (b) s-polarized incident light,
(c) p-polarized incident light. (See color online for details of color-
coded reflection efficiency.)
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which generally have different field distributions in the
high and low refractive index regions of the grating
[19-21]. As evident in Fig. 3(a), the reflection efficiency is
relatively low in these bands, indicating that there is no
efficient polarization independence.

Figure 3(b) shows that only one of the TM-TM sepa-
rated bands and only one of the TE-TE separated bands
are excited when the incident light is s polarized. Figure
3(c) shows that the other band of the TM-TM separated
bands and the other band of the TE-TE separated bands
are excited when the incident light is p polarized. Thus,
each of the TM-TM separated bands and each of the
TE-TE separated bands are excited by incident light of
orthogonal polarizations, and no polarization indepen-
dence is possible when there is a gap between the sepa-
rated bands. Moreover, Figs. 3(b) and 3(c) reveal that at
normal incidence, there is no resonance in one of the
TM-TM separated bands and in one of the TE-TE sepa-
rated bands because of a singularity. Thus, no polariza-
tion independence is possible with 1D gratings illumi-
nated at normal incidence. Efficient polarization-
independent resonance is also not possible at small
conical angles, due to the very different bandwidths of the
s and p resonances in the bands with and without the sin-
gularity. Nevertheless, by tailoring the duty cycle to very
specific values, it was shown that tunable polarization in-
dependence can be obtained at large angles of full conical
incidence [3]. From our point of view, tailoring the duty
cycle leads to elimination of the bandgap and polarization
independence.

To summarize, TE-TE and TM-TM resonances always
occur on a symmetry axis of the GWS, i.e., £,=0 for a 1D
GWS. Such resonances usually result in photonic band-
gaps, where each of the bands is excited by either only s
or only p polarization. This means that efficient
polarization-independent resonance occurs only for spe-
cifically designed GWSs, where there is no bandgap.

Unlike TE-TE and TM-TM resonances that always oc-
cur on a symmetry axis of the GWS, i.e., full conical inci-
dence, TE-TM resonance occurs on a symmetry axis of
the GWS, i.e., classical incidence, for only a single wave-
length. The TE-TM resonance at classical incidence is po-
larization independent [22] for any GWS because there is
no coupling between the counter propagating TE and TM
modes and thus no bandgap, as the bands always cross.
Like the TE-TE and TM-TM resonances, the wavelength
of the TE-TM resonance can be tuned by changing the
angular orientation of the incident light. However, this oc-
curs at a general incidence orientation with no symmetry
properties, indicating that the polarization of the incident
light at resonance is no longer either only s or only p, as it
is in classical or full conical incidence. To the best of our
knowledge, this paper is the first to study TE-TM simul-
taneous excitation off-classical incidence.

Figure 4 shows the reflection efficiency of right-handed
circularly polarized incident light as a function of the
classical 6; and conical 6cpp incident angles around
which TE-TM simultaneous guided modes are excited
at two specific wavelengths. One wavelength is N\
=1.528 um, where polarization independence is at classi-
cal incidence, and the other wavelength \y=1.512 um was
chosen to be lower than \;. The regions of “intersections”
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Fig. 4. (Color online) Numerically calculated reflection effi-
ciency of right-handed circularly polarized incident light as a
function of fqoy and 6, for two wavelengths A;=1.528 um and
N=1.512 um, and TE-TM-excited guided modes. Near polariza-
tion independence occurs at intersections. (See color online for
details of color-coded reflection efficiency.)

in Fig. 4 essentially correspond to the magnified regions
of intersection in Fig. 2. The results of Fig. 4 reveal that
the reflection efficiency, denoted by the gray-scale code, is
highest where the TE and TM circular bands intersect,
rising from under 60% away from the crossing to over
80% around the crossing. For A\{=1.528 um, where the cir-
cular bands are tangential to each other, the angular tol-
erance for maintaining polarization independence is
small for deviations along the classical angle - but is
relatively large for deviations along the conical angle
Ocon- For \o=1.512 um, it seems at first glance that po-
larization independence can still be obtained where the
circular bandsintersect, but with decreased conical angu-
lar tolerance.

From the results of Fig. 4 it is difficult to clearly see the
details of the resonance in the intersection regions, be-
cause the width of each band is comparable to or greater
than the size of the intersection. Thus, in order to obtain
more details, we performed RCWA calculations around
the intersection regions. Specifically, we calculated the
angular orientations of the incident light at which the re-
flection efficiency is 99.99% or more as a function of the
incident light for several representative polarizations.
The results are presented in Fig. 5. They show the reflec-
tion efficiency as a function of angular orientations of the
incident light for four different grating duty cycles. At
each duty cycle we chose a corresponding wavelength so
that the TE and TM bands will “intersect” at similar an-
gular orientations of the incident light. Two bands around
the intersections are shown, where each segment of the
bands corresponds to a different incident light polariza-
tion. The star in each graph denotes the location of the
angular orientation of the incident light at which maxi-
mal average reflection efficiency for two orthogonal polar-
izations is obtained. This location does not depend on the
specific pair of orthogonal polarizations.

The polarization of the incident light is denoted by the
parameter set (a,B), where «a is the orientation of the
principal polarization axis of the electric field (when
a=0°, the polarization axis is perpendicular to the plane
of incidence, i.e., s-polarized light) and 8 is the degree of
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ellipticity of the polarization. In our notation, tan(p)
=FEy/E, where E; is the electric field along the principal
polarization axis and E5 is that along the secondary axis.
For such elliptic polarizations, E; and E, are always 90°
out of phase. Thus, 8=0° corresponds to linearly polarized
light, while 8= +45° corresponds to right- or left-handed
circularly polarized light.

Figure 5(a) shows the results for a grating duty cycle of
50% and N=1.512 um. As is evident, a gap along the 6.
direction is clearly observed. The gap corresponds to a
split of the “crossing” for the \q circles of the WVD shown
in Fig. 2. Such an angular gap along the %, direction,
namely, the k gap/momentum gap, has been noted for sur-
face plasmon resonance [23-25] as well as for guided-
mode resonance [26]. The k gaps usually occur when the
direct coupling between the two excited modes [26] is
much weaker than the coupling to the radiation modes, as
is the case between our TE and TM modes, whose electric
fields are almost orthogonal. Within a k gap, the reflection
efficiency at any arbitrary wavelength is always less than
100%. Far from the gap, the top of the left band and the
bottom of the right band correspond to TE-excited guided
modes at resonance, as can be inferred from crossings of
the large TE circle with the smaller TM circle in WVDs at
positive angular orientations. Near the gap, there is si-
multaneous excitation of TE- and TM-guided modes at
resonance, just as there would be in any two-level reso-
nant system. Note that the incident polarization at the
lower-left and upper-right bands where TM is dominant
does not vary as much as the other parts of the bands
where TE is dominant.

Figure 5(b) shows the results for a grating duty cycle of
41.63% and A=1.508 pum. For this grating duty cycle there
is no angular bandgap, but unlike at TE-TE or TM-TM
crossings where the resonant incident polarizations of the
two bands are orthogonal [2,3,8], at this TE-TM crossing
they converge to the same polarization. As is evident, the
polarization of the band where TE is dominant remains
essentially constant around the crossing, while the polar-
ization of the band where TM is dominant varies greatly.

Figure 5(c) shows the results for a grating duty cycle of
25% and A=1.503 um. An angular gap along the 0coy di-
rection is clearly observed. It is fundamentally different
from the gap of Fig. 5(a), as it is along the %, direction,
which corresponds to a frequency gap. Within a %, gap,
the reflection efficiency at the top band (larger 6-op) can
reach 100% for a resonant wavelength higher than
1.503 um, and at the lower band it can reach 100% for a
resonant wavelength lower than 1.503 um. Thus, for the
specific wavelength of 1.503 um we obtain a k, gap, while
for a specific angular orientation we obtain a frequency
gap. At about 6-=1.34°, where the bandgap is minimal,
the polarizations at the top and bottom of the gap are not
orthogonal. This suggests that unlike for TE-TE and
TM-TM simultaneous excitations, for TE-TM simulta-
neous excitation the absence of a bandgap is not a suffi-
cient condition for complete polarization independence.

Figure 5(d) shows the results for a grating duty cycle of
47.2% and A=1.5105 um. For the GWS parameters used
in this paper, at this grating duty cycle we obtained the
highest possible average reflection efficiency of 93% for
two orthogonal polarizations and similar angular orienta-
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(Color online) Numerically calculated angular orientations of the incident light at which the reflection efficiency is 99.99% or

more, revealing the angular band structures for four different duty cycles and the corresponding wavelengths. Each segment of the bands
is calculated for a different incident light polarization, as labeled. In each figure the star denotes the angular orientation of the incident
light at which maximal average reflection efficiency is obtained for two orthogonal polarizations: (a) 50% grating duty cycle and
A=1.512 um, where a k gap is evident; (b) 41.63% grating duty cycle and A\=1.508 um, where a band crossing is evident; (c) 25% grating
duty cycle and A=1.503 um, where a %k, gap corresponding to a frequency bandgap is evident; (d) 47.2% grating duty cycle and

N=1.5105 um, where a k gap is evident.

tions of the incident beam. The results show a k gap simi-
lar to the one in Fig. 5(a) except that here there is more
symmetry. Specifically, the polarization variations along
the bands where TE is dominant and where TM is domi-
nant are now similar, the resonant polarizations at both
edges of the gap are essentially orthogonal, and the maxi-
mal average reflection efficiency for the two orthogonal
polarizations occurs exactly at the center of the gap.

We now consider in more detail the polarization behav-
ior where the highest average reflection efficiencies are
obtained, i.e., at the locations of the stars in Fig. 5. Spe-
cifically, using RCWA we calculated the reflection effi-
ciency as a function of the polarization of the incident
light [«, 8], at the specific wavelengths and angular orien-
tations of the incident light for the four different grating
duty cycles. The gray-scale-coded (see color-coded scale
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(Color online) Numerically calculated gray-scale-coded

online for more details) results are presented in Fig. 6. As
evident, except for a grating duty cycle of 25%, the reflec-
tion efficiencies are high and relatively constant for all po-
larizations. For example, for a grating duty cycle of 50%
[Fig. 6(a)] the average reflection efficiency and the maxi-
mal deviations are 91.5% +7.5%, for a grating duty cycle
of 41.63% [Fig. 6(b)] they are 87% +13%, for a grating

reflection efficiency as a function of the polarization of the inci-
dent light [«, 8] for the same four duty cycles and wavelengths of
Fig. 5. The results are for the angular orientation denoted by a
star in Fig. 5. The average reflection efficiency and maximal
deviations are (a) 91.5%+7.5% at [6g,60c0n=1.26°,12.82°];
(b) 87%+13% at [1.29°,13.15°]; (c) 57.5%+42.5% at
[1.32°,13.01°]; (d) 983% +1.5% at [1.27°,12.96°]. (See color
online for details of color-coded reflection efficiency.)
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duty cycle of 47.2% [Fig. 6(d)] they are 93% +1.5%, and
for a grating duty cycle of 25% [Fig. 6(c)] they are
57.5% +42.5%. The highest average reflection efficiency of
93% 1is obtained for the grating duty cycle of 47.2%, even
though the maximal reflection efficiency with this grating
duty cycle is lower than with the others. It should be
noted that, surprisingly, the average reflection efficiency
for the grating duty cycle of 41.63% where the bands cross
[Fig. 6(b)] is lower and the maximal deviation higher than
for the two grating duty cycles [Figs. 6(b) and 6(d)] where
there is a k gap.

As can be determined from Fig. 6, the maximal and
minimal reflection efficiencies at each of the grating duty
cycles are as follows: For a grating duty cycle of 50%,
maximal reflection efficiency is 99% at («,B)=(-12,-9),
and minimal is 84% at (a,B)=(78,9); for 41.63%, maxi-
mal reflection efficiency is 99.5% at («,8)=(87,0), and
minimal is 74% at (a, 8)=(-3,0); for 25%, maximal reflec-
tion efficiency is 100% at («,8)=(87,0), and minimal is
about 15% at («, 8)=(-3,0); for 47.2%, maximal reflection
efficiency is 94.5% at (a,B)=(-12,-9), and minimal is
91.5% at (a,B)=(78,9). These results indicate that the
polarizations for maximal and minimal reflection efficien-
cies are essentially orthogonal, in accordance with the
orthogonality condition of a;—as=+90° and B;=-p5.

Using the maximal and minimal polarizations from
Fig. 6 and the same angular orientations (location of the
stars in Fig. 5), we also calculated the reflection efficien-
cies as a function of wavelength of the incident light. The
results are presented in Fig. 7 along with those calculated
for classical incidence of the TE-TM crossings that occur
at higher wavelengths. The wavelengths for which the
maximal and minimal polarizations were obtained and
used in Figs. 5 and 6 are denoted by diamonds along the
abscissa. The results at classical incidence are for s and p
incident polarizations corresponding to TE- and TM-
excited guided modes, respectively. A different pair of two
orthogonal polarizations would only change the band-
widths of the two resonances. As evident in Figs.
7(a)-7(d), the resonances that occur for classical incidence
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at the intersection region are indeed polarization inde-
pendent, exhibiting 100% reflection for both orthogonal
polarizations at the same wavelength. In general, the
spectral bandwidths are not identical for the TE- and TM-
excited modes, and their difference must be taken into ac-
count when designing practical polarization-independent
filters.

The behavior as a function of duty cycle is more inter-
esting at the conical angular orientation. Figure 7(a)
shows the results for a grating duty cycle of 50%. Here
there is a small spectral deviation (a small frequency gap)
between the resonances of the two orthogonal polariza-
tions. The peak reflection efficiency for one polarization is
84%, and the other is 99%, i.e., incomplete polarization
independence. Yet, even with this nonoptimized GWS of
50% grating duty cycle, near-polarization-independent
resonance is obtained.

Figure 7(b) shows the results of a grating duty cycle of
41.63%, for which there is no angular band gap, as evi-
dent in Fig. 5(b). Here the near-polarization-independent
behavior is somewhat inferior to that shown in Fig. 7(a),
as is evident from larger changes in peak reflection effi-
ciencies of 99.5% for one polarization and 74% for the or-
thogonal polarization. Again, neither polarization reaches
100% reflection efficiency because the optimized angular
orientation for this wavelength and duty cycle was not at
the crossing. We found that at the exact crossing, the
near-polarization-independent behavior is similar, where
one polarization yields 100% reflection efficiency and the
orthogonal polarization yields a lower reflection efficiency
of 69% at a slightly lower wavelength. We presume that
although there is no angular bandgap, only one TE-TM
linear combination can be fully excited, as there is only
one wavelength at the angular orientation of the crossing
for which 100% reflection efficiency is possible. The other
combination can be only partially excited. This second
combination is the excitation responsible for the second
peak at a slightly lower wavelength. For an incident light
polarization of (a,B)=(-89°,1°), the reflection efficiency
of this second peak reaches 99.7%. Thus, the optimal po-
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(Color online) Numerically calculated reflection efficiency as a function of wavelength for four GWSs, each with a different grat-

ing duty cycle. The resonances at the higher wavelengths are for TE-TM crossing and classical angular orientations, where s polariza-
tion is denoted by the dotted curve and p polarization by squares. The resonances at the lower wavelengths are for TE-TM simultaneous
excitations and the conical angular orientations marked by stars in Fig. 5, where the dashed curve denotes maximal polarization and the
circles denote minimal polarization obtained from Fig. 6. (a) Grating duty cycle of 50%, (b) grating duty cycle of 41.63%, (c) grating duty

cycle of 25%, (d) grating duty cycle of 47.2%.



Grinvald et al.

larizations to excite the two different combinations of
TE-TM-guided modes at the angular orientation of the
crossing are not orthogonal.

Figure 7(c) shows the results for a grating duty cycle of
25%. Here there is no polarization-independent resonance
at all, as is evident by the large spectral deviation be-
tween the two resonances relative to their bandwidths.
For this duty cycle, maximal average reflection efficiency
occurred at an angular orientation on one of the bands.
Thus, the peak reflection efficiency of one resonance, at
the wavelength denoted by the diamond, is 100%, while
for the orthogonal polarization, the peak is much lower.
These results, along with the results at the crossing for a
grating duty cycle of 41.63%, differ from TE-TE and
TM-TM resonances, where 100% reflection efficiencies
can be obtained for two orthogonal polarizations. It
should be noted that for this grating duty cycle of 25%, it
is possible to obtain 100% reflection efficiency for the sec-
ond peak as well, but this at a nonorthogonal polarization
of (a,8)=(65°,-2°).

Figure 7(d) shows the result for a grating duty cycle of
47.2%, for which we obtained the optimum average reflec-
tion efficiency and near polarization independence. Spe-
cifically, the peak reflection efficiency of about 93% for
both orthogonal polarizations is nearly constant and at
very close wavelengths. Such optimized results are prob-
ably due to the fact that the polarizations on either side of
the relatively small k gap are almost orthogonal, so that
both polarizations still have high reflection efficiencies in
the middle of the gap.

To summarize, we have shown that tunable near-
polarization-independent resonance can be achieved
when exciting TE-TM-guided modes simultaneously. At
full conical incidence and classical incidence, resonances
are always for s- and p-polarized light due to the fact that
the resonances have well-defined symmetries. Efficient
polarization-independent resonance will occur only if the
s and p resonances occur at a specific angular orientation
for two wavelengths that are much closer than the band-
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width of the resonances. This condition is met at full coni-
cal incidence over a tunable range only far from the nor-
mal incidence singularity and for specific duty cycles for
which the photonic bandgap is small enough. At classical
incidence, any GWS structure has a single angular orien-
tation and corresponding wavelength for which there is
complete polarization-independent resonance. This is
true because at classical incidence, TE- and TM-guided
modes do not interact, unlike counterpropagating TE-TE
or TM-TM modes at full conical incidence. Thus there
cannot be a photonic bandgap at classical incidence. The
resonant wavelength can be tuned to a lower wavelength
by changing 6-on. However, at such angular orientations,
TE-TM modes begin to interact, resulting in possible k
gaps and frequency gaps. Moreover, since there is no de-
fined symmetry of the plane of incidence in regard to the
symmetry planes of the GWS, the resonant polarizations
of the two bands on either side of the gap are not neces-
sarily orthogonal, preventing complete polarization inde-
pendence.

4. EXPERIMENTAL PROCEDURE
AND RESULTS

In order to verify our calculations, we fabricated a 2 mm
X 2mm GWS with the same parameters used for the nu-
merical calculations. The GWS substrate was of a high-
quality, N\/10, BK7 glass plate. The waveguide layer was
formed by spin coating an inorganic polymer OptInd 07,
and the grating was formed by e-beam lithography in a
poly (methyl methacrylate) (PMMA) layer and had a grat-
ing duty cycle of 50%.

The experimental arrangement for evaluating the GWS
is schematically shown in Fig. 8. Our laser source is an
Agilent (HP) 8164A tunable single-mode fiber laser, which
was controlled by LabView through a GPIB protocol. The
light from the fiber laser passed through a polarization
wheel for controlling the incident polarization and was
collimated. A part of the collimated beam was directed to
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(Color online) Experimental arrangement for measuring the reflection efficiency as a function of the incident wavelength,
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(Color online) Experimental polarization-independent results. (a) Reflection efficiency as a function of wavelength at classical

and off-classical incidence. Solid curve denotes s-polarized incident light, dotted curve p-polarized, and dashed curve 45° linearly polar-
ized light. (b) Reflection efficiency as a function of the conical angle 6oy (for a fixed wavelength). (c) Reflection efficiency as a function

of the classical angle 6, (for a fixed wavelength).

a detector connected to an Ophir LaserStar powermeter
for normalization reference. The other part of the beam
was incident onto the GWS sample. The GWS sample was
set in xyz translation stages and rotating mounts for con-
trolling the location and angular orientation of the inci-
dent beam with respect to the GWS sample, i.e., ¢, 6con,
and 6. The reflected light from the sample was measured
by means of a second detector, aligned to detect the zero-
order reflection. Placing an additional polarizer P adja-
cent to the second detector allowed for measurement of
polarization conversion. At normal incidence, the second
detector was oriented to detect the light reflected back
through the beam splitter.

Representative experimental results are shown in
Fig 9. Figure 9(a) shows reflection efficiency as a function
of wavelength at a classical incidence of #-=1.1° and
Ocon=0° and at a specific conical incidence of 6o=1.1° and
Ocon=9° for two orthogonal incident polarizations. As is
evident, efficient polarization independence occurs at A\
=1.4607 um and A=1.468 um. The results confirm that it
is indeed possible to tune the resonance wavelength for a
single GWS just by selecting the proper angular orienta-
tion of the incident light. These results are qualitatively
in agreement with the numerical results of Fig. 7(a).
Figure 9(b) shows the reflection efficiency, R[%], as a
function of the conical incidence angles, and Fig. 9(c)
shows the reflection efficiency as a function of the classi-
cal incidence angle, both at A\=1.468 um (note the differ-
ent scale along the abscissa). As is evident, at full conical
incidence the angular tolerance is about 6°, much larger
than the angular tolerance of about 0.15° at classical
incidence, in agreement with the calculated results.

5. CONCLUDING REMARKS

To conclude, any GWS can have near polarization inde-
pendence with TE-TM-guided-mode excitation over ei-
ther a tunable range of wavelengths or a tunable range of
incident angles. Such polarization independence is pos-
sible because TE-TM-excited guided modes do not inter-
act at classical incidence for any GWS, so there is no pho-
tonic bandgap. The tunable range is dependent on the
interaction between TE-TM modes at conical incidence,
which generally results in k gaps and frequency gaps. In
addition, the resonant polarizations of the two bands on

either side of the gap are no longer orthogonal, thereby
degrading polarization independence. This range can be
maximized by tailoring the duty cycle. On the other hand,
with TE-TE- and TM-TM-guided-mode excitation, polar-
ization independence is possible only for specific GWSs
where there are no photonic bandgaps and the angular
orientation of the incident light is far from the resonance
singularity at normal incidence.

Further theoretical and experimental research is
needed to understand how the GWS parameters, such as
the grating duty cycle, affect the k gap, the frequency gap,
and the orthogonality of the two resonant polarizations at
each edge of the band, so as to achieve near-polarization-
independent resonance over a larger range of wave-
lengths and angular orientations of the incident light.
Such research will allow us to further optimize the range
of tunable near-polarization-independent resonance when
TE-TM-guided modes are simultaneously excited and to
fully understand the coupling processes involved.
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