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Polarization dependent focusing lens by use of quantized
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Quantized Pancharatham—Berry phase diffractive optics using computer-generated space-variant
subwavelength dielectric grating is presented. The formation of the geometrical phase is done by
discrete orientation of the local subwavelength grating. We discuss a theoretical analysis and
experimentally demonstrate a quantized geometrical blazed phase of polarization diffraction grating,
as well as polarization dependent focusing lens for infrared radiation at wavelength 10.6
pum. © 2003 American Institute of Physic§DOI: 10.1063/1.1539300

One of the most successful and viable outgrowths ofdependent DOEs based on quantized Pancharatham—Berry
holography involves diffractive optical element®OEs.  phase diffractive optics. We distinctly show that such ele-
The DOEs diffract light from a generalized grating structurements can be realized with a discrete geometrical phase, us-
having nonuniform groove spacing. They can be formed asng a computer-generated space-variant subwavelength di-
thin optical elements that provide unique functions and conelectric grating. By discretely controlling the local
figurations. High diffraction efficiencies for DOEs can be orientation of such grating, which has uniform periodicity,
obtained with kinoforms that are constructed as surface reliefve have the ability to form more complex and sophisticated
gratings on some substrdtélowever, in order to achieve a phase elements. We experimentally demonstrate quantized
high efficiency, it is necessary to resort to complex fabrica-Pancharatnam—Berry phase optical elemefgsiantized
tion processes that can provide the required accuracies f6tBOES as a blazed diffraction grating and a polarization
controlling the graded shape and depth of the surfacdependent focusing lens, for the 1Qu6 wavelength from a
grooves. Specifically, in a single process one photomask wit&O, laser. We show that high diffraction efficiencies can be
variable optical density is exploited for controlling the etch-attained by utilizing a single binary computer-generated
ing rate of the substrate to form the desired graded reliemask, as well as forming multipurpose polarization depen-
gratings, or using multiple binary photomasks so the gradedent optical elements that are suitable for applications such
shape is approximated by multilevel binary stépsBoth  as optical interconnects, polarization beam splitting, optical
fabrication processes rely mainly on etching techniques thagwitching, and polarization state measurements.
are difficult to accurately control. As a result, the shape and The PBOEs are considered as wave plates with constant
depth of the grooves may differ from those desired, whichretardation and space varying fast axes, the orientation of
would lead to a reduction of diffraction efficiency and poor which is denoted byd(x,y). It is convenient to form such
repeatability of performance. space varying wave plates using subwavelength grating.

Previous researches have begun to investigate polariz&hen the period of a subwavelength periodic structure is
tion diffraction gratings consisting of spatially rotating smaller than the incident wavelength, only the zero order is a
polarizers or waveplate$. Recently we have demonstrated propagating order, and all other orders are evanescent. The
simple polarization diffraction gratings based on continuoussubwavelength periodic structure behaves as a uniaxial crys-
space-variant computer-generated subwavelength gratingsal with the optical axes parallel and perpedicular to the sub-
The derived phase was not a result of optical path differwavelength grooveSTherefore, by fabricating quasiperiodic
ences, but solely due to local changes in polarization, whiclsubwavelength structures, for which the period and orienta-
was in fact a manifestation of the geometrical space-domaition of the subwavelength grooves were changed along the
Pancharatnam—Berry phasé.Optical elements that exploit length of the element, we can realize space-variant wave-
this effect to form a desired phase front are calledplates.

Pancharatnam—Berry phase optical elemefBOES.° It is convenient to describe PBOESs using Jones calculus.

However, applying the constraint on the continuity of theThe space-dependent transmission matrix for the PBOE is

subwavelength grating leads to a space variation of the localiven by applying the optical rotator matrix on the Jones

period. As a result, the elements are restricted in their abilitynatrix of the subwavelength dielectric grating to yield in

to form a desired complex phase function in addition to be-elical basis

ing limited in their physical dimensions. Moreover, the result

of space varying periodicity complicates the optimization of (1 0

the photolithographic process. T(xy)= 3 (t,+tye ¢)( 01
In this letter we present an approach for polarization
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¢d’ radian 2n FIG. 2. The magnified geometry of the grating fde=4, as well as the

. ) ) predicted geometrical quantized phase distribution, and scanning electron
FIG. 1. Actual quantized phase(¢q) as a function of the desired phase mjicroscopy images of some regions of the grating. Also shown, the mea-

by, as well as thg discrete Iocal_grating orientation. Inset, a scanning eleggreq (triangles and predicteddashed curvediffraction efficiency as a
tron microscope image of a region on the subwavelength structure of thg,nction of the number of discrete leveN

focusing lens.

wheret,, t, are the real amplitude transmission coefficientsphase. The Fourier expansion of the actual phase front is
for light polarized perpendicular and parallel to the opticalgiven by expiF(¢q)]=2,C exp(l¢y), where C, is the
axes, ande¢ is the retardation of the grating. Thus for an Ith-order coefficient of the Fourier expansion. The diffraction
incident plane-wave with arbitrary polarizatiti,,), we find  efficiency, 7, of the Ith-diffracted order is given byy,
that the resulting field is =|C,|2. Consequently, the diffraction efficiency, for the
7ol E) 4 mei2) Jore1200y) first diffracted order for such an element is related to the
|Eow = V776l Ein) + Ve IR)+m.e |L>é number of discrete leveld by 7, =[ (N/)sin(=/N)]2. This
@) equation indicates that for 2, 4, 8, and 16 phase quantization
where 7e=|3(t,+1,€%)[% 7r=|3(t—t,€9)(EqL)%  levels, the diffraction efficiency will be 40.5%, 81.1%,
n=|3(t,—t,e?)(E,|R)|? are the polarization order cou- 95.0%, and 98.7%, respectively. The creation of a quantized
pling efficiencies, (o) denotes inner product, anfR) PBOE is done by discrete orientation of the local subwave-

=(10)" and|L)=(01)" represent the right-hand and left- length grating as illustrated in Fig. 1. o
hand circular polarization components, respectively. From  The objective was to design a blazed polarization dif-
Eq. (2) it is evident that the emerging beam from a PBOE fraction grating, i.e., a grating for Whlgh .aII the diffracted
comprises three polarization orders. The first maintains th€Nergy is in the first order, when the incident beanR}s
original polarization state and phase of the incident beampolarized. We designed a quantized PBOE that acts as a dif-
the second is right-hand circular polarized and has a phadéaction grating by requiring  thaty=(27/d)X|mod 2r
modification of 2(x,y), and the third has a polarization forming the quantized phase functiéii¢g) depicted in Fig.
direction and a phase modification opposite to that of thel. whered is the period of the diffraction grating. In order to
former polarization order. Note that the polarization orderillustrate the effectiveness of our approach, we realized
coupling efficiencies depend on the groove shape and matétantized diffraction gratings with various number of dis-
rial, as well as on the polarization state of the incident beamgrete levelsN=2, 4, 8, 16, 128. The grating was fabricated
For the substantial case tf=t,=1, and ¢= an incident ~ for CO; laser radiation with a wavelength af=10.6 um,
wave with |R) polarization is subject to entire polarization With diffraction grating periodd=2.5 mm and subwave-

state conversion and results in emerging field length grating period\ =2 um. The dimensions of the ele-
26 ments were 30 mx3 mm and consisted of 12 grating peri-
|Eout>:e I (ny)||—>' )

ods. The magnified geometry of the grating for the cése,
An important feature of Eq.(3) is the phase factor =4 and the predicted geometrical quantized phase distribu-
Dd(X,Y) | mod 2r= —260(X,¥) |mod 2- that depends on the local tion are presented in Fig. 2. The elements were fabricated on
orientation of the subwavelength grating. This dependence i800-um-thick GaAs wafers using a single binary mask, con-
geometrical in nature and originates solely from localtact photolithography, and electron-cyclotron resonance etch-
changes in the polarization state of the emerging beédm.  ing with BCl; to nominal depth of 2.5um, resulting in mea-
In our approach, the continuous phase funcigiix,y) sured values of retardatiorp=0.4m, and t,=0.88, t,

is approximated with discrete steps leading to the formation=0.77. These values are close to the theoretical predictions
of a PBOE with discrete local grating orientation. In the achieved using rigorous coupled wave analysis. After the
scalar approximation, an incident wave front is multiplied byfabrication, an antireflection coating was applied to the back-
the phase function of the quantized phase element describaitle of the element. By combining such gratings in cascade,
by, exgiF(¢q)], wheregq is the desired phase afd ¢y) is  we obtained a grating with a retardation phase closer.to
the actual quantized phase. The division of the desired phasghe insets in Fig. 2 show scanning electron microscopy im-
¢4 to N equal steps is shown in Fig. 1, where the actualages of some regions of the grating with a number of discrete

quantized phase(¢4) is given as a function of the desired levels,N=4, which was fabricated.
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Following the fabrication, the quantized PBOEs were
illuminated with a right-hand circularly polarized beajR),
at 10.6 um wavelength. We used the circular polarizer to
transmit only the desire{L ) state and to eliminate thiR)
polarization order that appeared due to the insufficient etched
depth of the grating. Figure 2 shows the measured and pre-
dicted diffraction efficiency for first diffracted order for the
different quantized PBOEs. The efficiencies are normalized
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The measured diffraction efficiency fad=16 was 99% AN \==4, /

+1% rather than the 98.7% of the theoretical value. The
excellent agreement between the experimental results and the
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predicted efficiency confirms the expected quantized phase. N=2 ) ——%—;\_\_\\\ﬁlll
In addition, we formed a quantized Pancharatnam—Berry '-:::.'y,l_——__',',‘,llhhwhhm\”‘l‘,ﬁny__—

phase focusing element for a 1Quén wavelength, having a ‘Qé,y.lf‘:i’_’gzll,l_/i—/:‘—s;ﬁ Z

quantized spherical phase function B{ ¢q4)=F[(27/\) “'-';"'_i',ﬁﬁ.‘.’.ﬁﬁ?,.‘.jﬁbg’:

X (x2+y2+£2)Y2] with a 10 mm diameter, focal length
=200 mm, and a number of discrete levéls-8. Figure 3
illustrates the magnified geometry of a focusing lens based
on a quantized PBOE wittlN=4, as well as the predicted
guantized geometrical phase. A scanning electron micro-
scope image of a region on the subwavelength structure,
which we had fabricated, is shown in the inset of Fig. 1. A
diffraction limited focused spot size fdic) transmitted beam
was measured, while illuminating the element wji#) po- &
larization state, and inserting a circular polarizer. The insetin L
Fig. 3 shows the image of the focused spot size as well as the 2’6""” \ r
measured and theoretically calculated cross section. The
measured diffraction efficiency was 94.594% in agree- ) B )
ment with the predicted value. The geometrical phase of th&'®: 3: !llustration of the magnified geometry of a quantized-PBOE focus-

. S ) g lens withN=4, as well as the predicted quantized geometrical phase.
PBOE is polarization dependent, therefore, we experimenmset: the image of the focused spot size as well as the meagloty and
tally confirmed that our element is a converging lens fortheoretically calculategsolid curve cross section.
incident|R) state, and a diverging lens for incidgh} state,
as indicated by Eq(2). For incident|L) state the measured of space varying geometrical phases through quantized
focal length wasf=—200 mm as expected, whereas the PBOEs, enables approaches for polarization-sensitive optical
measured diffraction efficiency was identical to the measure@élements. We are currently investigating a photolithographic
incident|R) state. Moreover, it is possible to form a bifocal process with the purpose of achieving accurate control of the
lens as a PBOE with a retardation phasedof 7 while  retardation phase to yield only the desired polarization order.
illuminating with a linear polarization beam, and inserting a
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