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We experimentally characterize the properties of an element that generates a doughnutlike point-spread
function by converting the linearly polarized incident field to radially or azimuthally polarized light
utilizing space-variant inhomogeneous medium (SVIM) form-birefringent subwavelength structures. To
fabricate the high-aspect-ratio SVIM structures, we developed a chemically assisted ion-beam-etching
process that permits control of the fabricated form-birefringent structure profile to optimize the effect of
birefringence and the impedance mismatch on the substrate–air interface. Fabricated elements perform
efficient polarization conversion for incident angles as large as 30°, where the extinction ratio is found to
be better than 4.5. The intensity distribution in the far field shows that our SVIM device generates a
doughnut point-spread function that may prove useful for various applications. © 2006 Optical Society
of America
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1. Introduction

Radially and azimuthally polarized modes are known
to be useful for various applications such as laser
processing, tight focusing of light, and low-loss prop-
agation in metal-clad fibers.1,2 Traditionally such po-
larization modes are obtained by the interference of
two linearly polarized laser beams3 implemented
with a bulky and complex optical system or by a
space-variant twisted nematic liquid crystal,4 which
requires a continuous power supply. Moreover the
latter approach may not be possible to operate at
high-power densities and outside the visible spectral
range. Alternatively, polarization transformation can
be performed by using form-birefringent elements
implemented with subwavelength periodic structures
etched into a high-refractive-index substrate mate-
rial. Such artificially engineered inhomogeneous di-
electrics typically exhibit higher birefringence than
natural anisotropic materials and can be easily ex-
ploited to control the local properties of the optical
field,5–10 enabling opportunities not available with

natural crystals. The application of such structures
for the implementation of polarization-selective opti-
cal elements11 demonstrates our ability to indepen-
dently modulate the phase of orthogonally polarized
optical fields in a space-variant manner. Recently,
form birefringence has been further exploited to dem-
onstrate radial and azimuthal polarization modes.12,13

Specifically, instead of the quarter-wave-plate ap-
proach,12 the design of Ref. 13 uses a space-variant
inhomogeneous medium (SVIM) with a half-wave
plate approach to achieve higher conversion ef-
ficiency by effectively utilizing the aperture of the
incident optical filed. Moreover it operates with lin-
ear incident polarization, making it compatible with
commonly used polarized laser sources.

In this paper we develop the technology for the
microfabrication of the form-birefringent SVIM ele-
ment for shaping applications of the point-spread
function and experimentally investigate and opti-
mize its optical properties, such as efficiency, imped-
ance, and spatial-frequency response. In addition, we
show experimentally that the impulse response of a
radially and azimuthally polarized pupil results in
a doughnut-shaped function. In Section 2 we present
a brief review of the design concept of such elements
to make the paper self-contained. In Section 3 we
describe in detail the fabrication of subwavelength
structures with a high aspect ratio and a controllable
etch profile by using a chemically assisted ion-beam-
etching (CAIBE) system, to our knowledge the first
such comprehensive report presented for a CAIBE
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system with a broad beam ion source.14–16 Moreover
the profiles are evaluated for reduction of the reflec-
tion loss through adiabatic impedance matching be-
tween the substrate and the air. In Section 4 we
present detailed experimental results for our SVIM
element. In particular, we validate the generation of
azimuthal polarization states for optical fields with
an angular bandwidth in the range of �30°. We also
validate the far-field distribution of the optical mode
that is generated by the SVIM device, confirming
experimentally the creation of a doughnut-shaped
spot instead of a conventional Airy disk. This is an
additional advantage of our approach compared with
the quarter-wave-plate approach, where an addi-
tional spiral phase plate is needed to generate
the doughnut beam. Moreover we experimentally
compare the optical transmission through various
subwavelength grating profiles, validating that a tri-
angular profile allows higher transmission because it
diminishes the Fresnel reflections by allowing adia-
batic transition of the refractive index between the
substrate–air interface, as predicted numerically.5,17

Finally, we present conclusions in Section 5.

2. Design

It is well known that form-birefringent subwave-
length periodic structures can be used to engineer the
polarization dispersion relation between the propa-
gating TE- and TM-polarized optical fields.7,8 The
form-birefringence effect is equivalent to what is ob-
served in uniaxial anisotropic crystals but on a larger
scale. The strength of form birefringence is deter-
mined mainly by the refractive index contrast of the
constituent materials and by the duty cycle of the
periodic structure. If the depth of the periodic struc-
ture is designed to introduce a � phase shift between
the TE and the TM components, it acts as half-wave
retardation plate, rotating the polarization angle of
the incident linearly polarized light. By controlling
the orientation of the form-birefringent structure, we
can engineer the amount of rotation for the incident
linearly polarized light in a space-variant manner,
thereby creating any desired polarization distribu-
tion within the aperture of the incident linearly po-
larized field.

Next we briefly review the design concepts for our
SVIM element, as previously described in Ref. 13. We
then develop an analytic term for the polarization
conversion efficiency for the plane wave and the
Gaussian beam profile and compare it with the po-
larization conversion efficiency of the quarter-wave-
plate approach.

In our design we consider an incident field propa-
gating in the z direction and linearly polarized along
the x axis �e.g., Pi in in Fig. 1(a)]. Our goal is to con-
struct a beam that is linearly polarized in the radial
(azimuthal) direction along the r̂��̂� axis in the polar
coordinate system �r̂, �̂�; i.e., the polarization state of
the output field Po shown in Fig. 1(a) is oriented at an
angle � with respect to the x axis, as shown schemat-
ically in Fig. 1(b). Thus we need to create a half-wave

retardation plate with the principal axis oriented at
an angle ��2 with respect to the x-polarized input
field. The grating vector Kg for achieving the space-
variant polarization transformation along the r̂ axis
needs to satisfy

Kg �
2�

�g�r, ���cos��

2�r̂ � sin��

2��̂�
�

2�

a0	r�cos��

2�r̂ � sin��

2��̂�, (1)

where �g�r, �� is the local period of the grating and a0
is a constant that is chosen to meet the fabrication
constraints and aperture dimension requirements.
The second equality was obtained by assuming a ra-
dial dependency of the grating period, i.e., �g�r, ��
� �g�r�, and applying the continuity condition �
� Kg � 0. It can be shown that such a grating can also
produce an azimuthal polarization state [shown sche-
matically in Fig. 1(c)] if it is rotated by 90° with
respect to the x axis. From Eq. (1) it is evident that
the period of the SVIM is proportional to r1�2; i.e., the
period of the element becomes infinitesimally small
as we approach the central portion of the element.
Such a small period cannot be supported by the fab-
rication process, leading to a hole in the center of the
element. However, with our approach the radius of
the hole is much smaller than that of the quarter-
wave-plate approach (since for that approach the pe-
riod is linearly increasing with r). Thus we anticipate
a significant increase in the overall conversion effi-
ciency.

We designed the SVIM element to operate at a
wavelength of 10.6 	m and to be realized by a GaAs
subwavelength grating (with a refractive index of
3.13 at this wavelength). To ease the fabrication
process we restrict the minimal period to �g,min �
2 	m, and, to avoid internal diffraction within the
substrate and to reduce dispersion,18 we set the max-
imal period to be �g,max � 3.05 	m. By designing the
outer radius of the device to be 7 mm, we obtain a0

� 3.05��7�1�2 �	m�mm1�2� with the corresponding in-
ner radius, rmin � �2�a0�2 � 3 mm. The required etch-
ing depth to achieve the desired � phase shift
between the TE and the TM polarization components
was estimated from the rigorous coupled-wave anal-

Fig. 1. Schematic diagram describing polarization transforma-
tion: (a) description of the geometry definitions, (b) definition of a
radial polarization state, (c) definition of an azimuthal polarization
state.
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ysis19 (RCWA) to be 6 	m (assuming a rectangular
profile with a duty cycle of 50%).

The unutilized area of our SVIM element owing to
the central hole is 
18% of the total area. For com-
parison, by using the design approach of the quarter-
wave plate with the same period restrictions, one
obtains an 
43% unutilized area due to the central
hole, significantly reducing polarization conversion
efficiency. Note that the reduction of the unutilized
area is in general true since with our design the ratio
of the inner to the outer radius is

rin � rout��g,min��g,max�2, (2)

whereas the quarter-wave-plate approach yields

rin � rout��g,min��g,max�. (3)

The significance of reducing the central hole becomes
even more pronounced if we consider a Gaussian
beam illumination, since most of the energy is now
concentrated in the central portion of the element.
For Gaussian beam illumination the conversion effi-
ciency is given by


 �

2��
rin

rout

exp��2�r�

��2�r�dr�

2��
0

rout

exp��2�r�

��2�r�dr�

�

exp��2�rin

� �2�� exp��2�rout

� �2�
1 � exp��2�rout

� �2� , (4)

where � is the beam half-width. By using Eqs. (2) and
(3), we obtain


1 �

exp��2�rout

� �2��g,min

�g,max
�4�� exp��2�rout

� �2�
1 � exp��2�rout

� �2� , (5)


2 �

exp��2�rout

� �2��g,min

�g,max
�2�� exp��2�rout

� �2�
1 � exp��2�rout

� �2� , (6)

where 
1, 2 stands for our approach and the quarter-
wave-plate approach, respectively. The predicted con-
version efficiencies in Fig. 2 show the advantage of
our approach in achieving much higher efficiencies at
smaller values of �. As the value of � increases, both
approaches reach their corresponding asymptotic val-
ues derived for plane-wave illumination.

3. Fabrication Process

To fabricate the device, the GaAs substrate is coated
with antireflection layers at the back side to reduce
the insertion loss and to eliminate the multiple re-
flection within the sample, which may interfere with
the desired polarization dispersion relation. The front
side of the substrate is patterned with BPRS-100
photoresist as a dry etch mask by standard photoli-
thography. To transfer the mask pattern into the
GaAs substrate, we choose CAIBE, which provides a
high-aspect-ratio etch profile to meet the design spec-
ifications with a minimal feature size of 
1 	m and
an etch depth of �6 �m. Unlike reactive ion beam
etching �RIBE�, the CAIBE process provides indepen-
dent control of the physical bombardment and the
chemical etch reaction.14–16,20–24 This is especially
important when a single layer of photoresist is used
as the dry etch mask for deep profiles with small
feature sizes, because one can take advantage of its
chemical resistance to reactive gases to eliminate the
necessity for further pattern transfer processes.22

Previously, the anisotropy of high-aspect-ratio pro-
files has been characterized for samples fabricated

Fig. 2. Top, polarization conversion efficiency versus normalized
Gaussian beam width: 1, half-wave-plate approach; 2, quarter-
wave-plate approach. Both values approach the asymptotic limit of
plane-wave illumination as the normalized beam width increases.
Bottom, ratio of efficiency between the two approaches versus the
normalized Gaussian beam width. The ratio increases with a de-
crease in the normalized Gaussian beam width.
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with a small-ion-source24 CAIBE system as well as
for samples fabricated with a broad-beam-source16

RIBE system. However, the anisotropy of form bire-
fringent structures fabricated with a broad-beam-
source CAIBE system has not yet been reported. The
latter is of appreciable interest because of its suit-
ability for mass production. In this project we utilize
a 12 cm broad beam source for our CAIBE setup and
investigate the profile dependence on etching param-
eters.

The setup of our CAIBE system is shown schemat-
ically in Fig. 3. The chemical reaction mechanism is
controlled by the flow rate of the reactive gas (Cl2 in
our case) and the sample temperature, whereas the
physical bombardment mechanism is controlled by
the flow rate of the inert gas (argon in our case), the
amount of generated ions, the ion beam energy, and
the beam collimation, which can be adjusted with the
beam and acceleration voltages �Vb and Va� applied
on the grids. The grid-to-sample distance is 
45 cm.
The chamber pressure is controlled with the flow
rates of the processing gases, and it can affect the
chemical reaction rate as well as the mean free path
of the gas molecules. A neutralizer is used to prevent
ionic charging on the sample surface. The base pres-
sure of the chamber is kept at 1 � 10�7 Torr.

With an overpowered physical bombardment in the
CAIBE process the ions tend to cause surface dam-
age, meanwhile the etch mask erodes considerably.
Conversely, an insufficient physical bombardment re-
sults in significant surface redeposition and increases
the roughness of the sample surface. For example, in
our test samples Fig. 4(a) shows an overcut etch that
is the result of mask erosion due to excess physical
bombardment, and Fig. 4(b) shows a structure with
significant surface roughness due to excess chemical
reactions. Therefore a balanced process is usually
necessary to fabricate smooth and accurate profiles

with high-aspect-ratio structures that maintain the
original profile of the etch mask. For this particular
case we optimize the balanced recipe with Vb � 600
V and Va � 500 V at 20 °C and fabricate a device
with a rectangular 6:1 aspect-ratio etch profile [Fig.
5(a)]. The proportion of Cl2 to Ar is kept at 26:17 in
the chamber with the Ar� plasma generation power
at 95 W.

Although a rectangular profile is ideal for achiev-
ing large phase retardation, it gives rise to an unde-
sired Fresnel reflection at the grating–air boundary.
The effect can be minimized if the grating structure
has an etch profile of trapezoidal or triangular
shape.5,17 To fabricate a high-aspect-ratio structure
with the overcut effect as shown in Fig. 4(a), we de-
liberately increase the number of argon ions by set-
ting Ar� generation power to 100 W with a higher
kinetic energy level at Vb � 700 V. To maintain the
selectivity of the etching process, the proportion of Cl2
to Ar is set to 30:17. Meanwhile, when Vb � 700
V and Va � 500 V are set, the collimation of the ion
beam provides the sufficient lateral erosion rate of
the mask. The adjustment is well managed so that
the surface damage is minimized and the etch mask
survives along the process, resulting in a deep, trian-
gular etch profile [Fig. 5(b)]. To summarize, we have
developed a dry etching process to tailor high-aspect-

Fig. 3. Chamber diagram of a CAIBE system. The physical etch-
ing mechanism provided by argon-ion bombardment and the chem-
ical etching mechanism provided by the Cl2 reaction can be
controlled independently.

Fig. 4. SEM pictures of the testing etched sample profiles dem-
onstrating the effects of excess physical or chemical mechanisms.
(a) Excess physical bombardment eroding the mask considerably
and causing overcut etch profiles. When overpowered, it may also
cause surface damage to the sample. (b) Excess chemical reaction
enhancing surface redeposition randomly all over the sample and
increasing the surface roughness. Strong redeposition can domi-
nate and inhibit the etching process.

Fig. 5. SEM pictures of the cross sections of the etched sample
profiles. The profile can be controlled with a degree of collimation
of the ion beam: (a) Balanced recipe results in a rectangular etch
profile; (b) recipe with extra lateral physical bombardment enhanc-
ing the mask erosion sideways, resulting in a triangular etch pro-
file.
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ratio profiles in GaAs so that the trade-off between
phase retardation and Fresnel reflection can be pre-
cisely controlled. Note that to render a triangular
etch profile the Vb and Va are set for a less divergent
beam. This trend of anisotropy dependency is very
different from a CAIBE system with a small ion
source24 but relatively close to a RIBE system with a
broad beam source.16

4. Experimental Characterization Results

The fabricated form birefringent elements have been
characterized experimentally to validate four fea-
tures that we study in this paper. For all these ex-
periments we use a linearly polarized beam, derived
from a single-mode CO2 laser at a wavelength of
10.6 	m. The input beam is expanded and collimated
to cover the entire form-birefringent SVIM device ap-
erture.

For the first validation experiment on generating a
radial (azimuthal) polarization state the polarization
of the incident beam aligned parallel to the x�y� axis
of the SVIM, producing a radial (azimuthal) polariza-
tion state. These experiments are conducted to vali-
date that the newly fabricated element with variable
grating profiles perform similarly to those validated
in Ref. 13 and are not affected by the shape of the
profile studied below. The output beam is transmit-
ted through an analyzer converting polarization mod-
ulation of the wavefront into amplitude modulation.
The output of the analyzer is then imaged onto an IR
camera for measurement and further analysis. The
optical setup is shown schematically in Fig. 6. The
intensity distribution of the image detected by the IR
camera is then used to verify the polarization conver-
sion of the SVIM. To reduce the effect of lateral quan-
tization noise due to the limited spatial resolution of
the camera, we performed integration of the obtained
intensity values along the radial axis at each angle �.
An example of the generation of an azimuthally po-
larized beam is shown in Fig. 7, where the normalized
intensity is compared with the theoretical curve
�sin2 ��. It is evident that the experimental result fits
the theoretical prediction well. Notice that the rela-
tively low polarization contrast of 
10:1 is probably
due to a slight discrepancy of the fabricated grating
profile from the ideal profile. This result also agrees
with that in the previous publication.13

In the second experiment we validate the expected

invariance of the linear to the azimuthal polarization
converter to beams with varying incidence angles to
enable operation with wide angular bandwidth sig-
nals in support of imaging applications. For this ex-
periment we tilt the SVIM element with respect to
the vertical axis and estimate its performance as
a function of the angle of incidence. The results in
Fig. 8 indicate that significant polarization conver-
sion exists even for an incident angle of 30°, where
the extinction ratio was estimated to be higher than
4.5 (notice that the fringes are caused by the backre-
flection of the imaging lenses of the IR camera).
Therefore we believe that the SVIM device can also be
integrated with imaging systems possessing rela-
tively high numerical apertures. The observed elliptic
shape of the image for higher incidence angles is due
to the projection of the tilted device on the imaging
plane. In realistic applications, where the beam is
tilted rather than the device, this elliptic shape is
eliminated.

In the third experiment we validate that the ex-
pected doughnutlike point-spread function is pro-

Fig. 6. Optical setup for the characterization of polarization conversion. A horizontally linear polarized beam retrieved from a CO2 laser
is expanded and collimated to cover the whole SVIM device. To measure the polarization states of the output, the image for analysis is
acquired on the IR camera after a horizontally polarized analyzer.

Fig. 7. Angular dependence of normalized transmitted intensity
after the polarization analyzer, where � is the angle to the hori-
zontal, linearly polarized input. The experimental data are then
obtained by digital integration across the radial coordinate of the
image obtained with the setup in Fig. 6. The result agrees with the
theoretical curve.
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duced by our SVIM element. For this experiment we
removed the polarization analyzer in the system
shown in Fig. 6 and used a converging illumination
beam that produces the far-field distribution in the
focal plane of the lens, located 
80 cm behind the
SVIM element. The focal plane was then imaged onto
the IR camera with a magnification ratio of 
2. Hor-
izontal cross sections of the calculated and the mea-
sured optical field distributions are in Fig. 9, while
the inset corresponds to the entire far-field distribu-
tion as captured by the IR camera. The doughnut
beam obtained is clearly observed, and the experi-
mental result shows good agreement with the theo-
retical prediction. Note that the doughnut beam was
obtained with direct laser illumination, whereas the
quarter-wave-plate approach requires an additional
spiral phase compensation plate, making that ap-
proach more cumbersome.

Finally we investigate the effect of the etch profile
on the substrate–air interface. For this experiment
we illuminated two different sets of samples at vari-
ous regions with a narrow polarized beam �
1 mm
in diameter) to measure the transmitted power. The
transmittance for each sample is obtained by normal-
ization with respect to the input power. In Table 1 we
show the two sets of samples with triangular (A, B)
and rectangular (C, D) etch profiles. Each set has two

samples with a slightly different duty cycle. For com-
parison the transmitted power is measured for each
sample at the regions defined as TE � � 0�, TM �
� ��2�, and 45° � � ��4� within the SVIM and the
substrate outside the SVIM, where � is the angle of
the local grating groove orientation with respect
to the input polarization. In the TE and the TM re-
gions the field distribution in the SVIM is similar to
the TE and the TM modes defined in Ref. 5. For all
four samples the transmission of the TE mode is
slightly lower than (if not equal to) that of the TM
mode. This is probably from the effect of the relatively
higher effective index of the TE mode, making the
local index of the SVIM slightly closer to the GaAs
substrate compared with the TM mode. As expected,
we also note that the transmission values in the 45°
region for each of the samples usually fall between
the TE and the TM values. In Table 1 we show that
the two samples with triangular etch profiles provide
significantly higher transmittance than those with
rectangular profiles. This is due to the adiabatic tran-
sition from the index substrate to that of the air. The
trend agrees well with the RCWA simulation results
(see Table 1), where we utilize a 2 �m period infinite
grating structure for each of the samples with profiles
estimated from the cross sections of the scanning-
electron-microscopy (SEM) images. Despite the mi-
nor discrepancies that are expected from the space-
variant periodicity and scattering loss of the actual
device, the simulation results agree well with our
measurements. From the results it is evident that the
triangular profile design significantly enhances the
transmittance of the component. This trend also
agrees with the previously reported theoretical sim-
ulations.5,17 Although the discussions above focus on
only the design depicted in Section 2, note that sim-
ilar fabrication considerations can be applied to the
alternative design described in Ref. 13, where con-
version efficiency can be further improved.

5. Conclusions

We experimentally characterize the properties of an
optical element that generates a doughnutlike point-
spread function by converting the linearly polarized
incident field to radially or azimuthally polarized
light utilizing SVIM form-birefringent subwave-
length structures. The device is designed to locally
introduce a � phase shift between the TE and the TM

Fig. 8. Experimentally obtained image showing polarization conversion for various incident angles. A crossed analyzer was used to
convert the polarization transformation into amplitude modulation: (a) 0°, (b) 10°, (c) 20°, (d) 30°.

Fig. 9. Cross sections of the far-field distributions of the SVIM
element.
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input polarization components, thereby converting
the incident linearly polarized light into the desired
radial or azimuthal distribution. To fabricate the
high-aspect-ratio deep structures for operation at a
wavelength of 10.6 	m, we have developed a CAIBE
process that enables control of the fabricated form-
birefringent structure profile to optimize the effect of
birefringence and the impedance mismatch on the
substrate–air interface, and the results show higher
transmission values with triangular profiles since
these structures provide adiabatic transition at the
substrate–air interface. Fabricated elements perform
efficient polarization conversion for incident angles of
as many as 30°, where the extinction ratio was found
to be better than 4.5. Finally the intensity distribu-
tion in the far field shows that our SVIM device gen-
erates a doughnut point-spread function, which may
prove useful in various applications.
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