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Subwavelength, binary surface-relicf structures are antificial materials with an effective index of
refraction that can be tailored by varying the duty cycle of the binary patiern. These structures have
the significant advantage of requiring only a single lithography and eich step for fubrication. We¢
demonstrate a specifically designed antireflection structure in a material system (GaAs) and at a
wavelength (975 nm) dircctly integrable with GaAs-based vertical cavity surface-emitting lasers and
which exhibits strong polarization-dependent properties. Fabrication is performed using electron
beam lithography and reactive-jon-beam etching. The observed reflectivity is 2% for TE
polarization and 23% for TM polarization, a diffcrence in reflectivity of over a factor of 10 for the

two polarizations. © 7996 American Vacuum Society.

. INTRODUCTION

Subwavelength, binary surface-relief structures act as ar-
tificial materials whose effective index of refraction depends
on the fill factor of the binary pattern. Subwavelength struc-
tures have the significant advantage over conventional multi-
level diffractive optics of requiring only a single lithography
and etch step for fabrication. The simplest subwavelength
structure to analyze 1s that of a one-dimensional (1-D),
rectangular-profile grating with periodicity less than the
wavelength of light in the material, as shown in Fig. I(a).
This is a zcro-order grating which transmits (and reflects)
only the zeroth diffracted order. without change in the direc-
tion of propagation, analogous to light transmission through
(and reflection from) a homogenous material. We use the
general term “'structure’ instead of the more common term
“grating”’ 10 refer o the subwavelength surface-relief pat-
tcrn of this work to emphasize that it does not act as a con-
ventional diffraction grating, but, rather, as an artificial ma-
terial with a variety of interesting and useful properties. With
the proper choice of fill factor and thickness. and for a given
polarization, the |-D structure exhibits antireflection (AR)
behavior dircctly analogous to the quarterwave AR coating,
as shown in Fig. 1(b). The antireflection property has broad
application in micro-optics and in semiconductor-based op-
toelectronic systems, particularly at wavelengths where ap-
propriate conventional AR coatings may not exist.

The polarization dependence of the antireflection property
arises from the lack of rotational symmetry in the 1-D AR
structure and has direct application to polarization control in
vertical-cavity surface-emitting lasers (VCSELSs), which con-
sist of an optical gain region sandwiched between two mir-
rors. typically distributed Bragg reflectors. VCSFELs have
many desirable properties including the ability to have circu-
lar output beams and for fabrication in two-dimensional ar-
rays. One potential problem for VCSELs with some type of
symmetry in the shape of the output aperture (¢.g., circular or
square apertures) is that the axis of polarization of the output
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beam is random, although typically aligned 10 ecither of two
orthogonal crystal directions.! Another concern is that the
axis of polarization is observed to switch between the two
orthogonal orientations as a function of injection current.’
The ability to control the axis of polarization would be vital
for any optical system containing polarization-sensitive ele-
ments or using the state of polarization 1o convey coded
information. The integration of a subwavelength structure
which exhibits polarization-dependent reflectivity with a
conventional VCSEL should fead to a deviee which lases
with the axis of polarization aligned 1o the high-reflectivity
axis of the 1-D subwavelength siructure.

Another property of this 1-D AR structure is that of form
birefringence,” which is the presence of polarization-
dependent indices of refraction arising from the anisotropy
of the subwavelength geometry of the I-D AR structure (as
opposed to simple birefringence arising from anisotropy in
the electronic structure on a molecular scale in a crystalline
material). The magnitude of the difference beiwecn the indi-
ces of refraction for the two orthogonal polarizations in-
creases as the difference between the indices of the incident
and substrate materials of Fig. | increases. The presence of
form birefringence in these 1-D surfaces may be exploited to
create waveplales which can be used to alter states or axes of
polarization.

Various theoretical and experimental treatments of sub-
wavelength AR surfaces have appcared in the literature.™°
Early experimental work by Flanders® demonstrated birefrin-
gence in 1-D, rectangular-profile gratings in polymethyl-
methacrylate (PMMA) and silicon nitride, and its depen-
dence on fill factor and thickness, at a wavelength of 633 nm.
Enger and Case’ demonstrated antireflection behavior in
1-D, trinngular-profile gratings in quartz at 632 nm. Gaylord,
Baird, and Moharam® provided a rigorous theoretical treat-
ment of 1-D, rectangular-profile gratings valid even for the
regime where the grating period is of the same order as the
incident wavelength. Ono et al.® reported a model for the
observed AR behavior of 1-D, sinusoidal- and triangular-
profile gratings in photoresist at 633 nm. Cescato, Gluch, and
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Streibl” studied birefringence in 1-D. sinusoidal-profile grat-
ings in photoresist at 632 nm. Raguin and Morris® made an
extensive theoretical investigation ol 1-1D, triangular-profile
cratings and two-dimensional. pyramidal-profile gratings in
GaAs at 10.6 gwm. Finally. Deng and Chou” have reported
properties of 1-D. nominally trapezoidal-profile gratings as a
function of grating penod in amorphous sihicon on silica at
633 nm.

In this work, we demonstrate a specifically designed an-
treflection structure in a material system (GuaAs) and at a
wavelength (975 nm) directly integruble with GaAs-based
VCSELs and which exhibits strong polanzation-dependent
propertics. To our knowledge. this AR surtuce 1s fabricated
in the highest refractive index matenal (n1¢,4,=3.3) and has
the smallest feature sizes (- 50 nm) vet reported. Fabrication
is performed using clectron beam hthography and reactive-

saon-beam ctching. The main challenge in fabrication 13
<hieving the specific sub-tenth micron linewidths and con-
rolling the etch profiles and depths. We observe excellent
agreement between our theoretical calculations and our ex-
perimental measurements.

Il. DESIGN

Our AR surface is designed for fabricanon in GaAs and

for aperation at 975 nm with normal incidence. The period of

the AR surlace, .\ =260 nm. 1s choscen 1o be just shghtly less
than the wavelength of 975 nm light in GaAs so that only the
zero-ditfracted order will propagate in the matenial. The goal
of the design is 1o create an AR surface analogous to i con-
ventional quarterwave AR thin film. For an air/GaAs inter-
face, the AR layer would have a refractive index, n.gx
= (Ngaae) "= 1.87. and a thickness. 1 = MN{dnag)=130nm.
The AR surface designed for this work, then, is an artificial
material whose effective index of refraction is 1.87. Since we
are designing a periodic, rectangular-profile structure. the
only parameter 1o be determined is the fill fuctor. f, of the
binary pattern, or, alternatively, the width of the ribs which
comprise the AR surface. indicated by £\ in Fig. 1. Because
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F1G. 2. Design for the antireflecnion surface-relict siructure. The pitch s 260
nm, the nb width is 42 nm, and the cich depth is 13-4 nm.

the period is only shightly smaller than the wavelength of
light in the materdal, & more accurate calculation than the
simple effective medium theory” (EMT) should be used. We
began by using a set of transcendental cquations for the cf-
fective index of the fundamental eigenmode propagating par-
allel 1o the layers of an infinite perodic medium. ' The result
of these equations was then used as the starting point for
direct optimization using a full vector IFourter method. Fur-
ther details of the design methodology are provided
elsewhere.!"! The results of the design calculation are
shown schematically in Fig. 2. The design nib width of 42
nm corresponds to a Qll factor of 0.16 compared 1o a hll
factor of 0.22 which is obtained from the simple EMT ap-
proximation. This design has a theoretical transmission of
100 for TE-polarized light (clectric lield parallel 1o the
grating ribs), and 74% for TM-polarized light (electric field
perpendicular to grating ribs). For comparison. the transmis-
sion through an air/GaAs interlace (for normal mcidence at
975 nm wavelength) is —~ 71 and 1s polarization indepen-
dent.

. FABRICATION

The nanometer-scale dimensional requirements of  the
above design were achicved using electron beam lithography
and reactive-ion-beam etching (RIBE) with a Ni/S10; mask.
The labrication procedure used is @ modified version of that
which we reported previously for the fabrication of a sub-
wavelength, blazed transmission graling\IS Several of the
process parameters had to be optimized to achieve the —~ 350
nm feature sizes. The front side of the bulk GaAs wafer was
coaled first with 100 nm of plasma-deposited S10, and then
spin-coated with 100 nm of PMMA clectron beam resist.
Following electron beam patterning of the PMMA_ 5 nm of
titanium (for adhesion) and 35 nm of nickel were evaporated
cnto the sample and the unwanted metal lifted-off. The Ti/Ni
pattern was transferred first into the Si0. layer by reactive-
ion etching (RIE) and then into the GaAs surface by RIBE.
‘The fabrication steps are described in more detail below
zlong with comments on the changes compared to the pro-
cedures of Ref. 13.

The elcctron beam lithography was performed on a JEOL
JBX-5FE field emission system operating at 50 kV. A beam
current of 500 pA, with a corresponding beam diameter of 6
nm, was uscd. The addressed pixel spacing was 5 nm in an
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80 um field. The PMMA thickness was reduced to 100 nm
for increased resolution and the Ti/Ni thickness was corre-
spondingly reduced to a total of 40 nm to maintain reliable
liftoff. The reduction in mask thickness was not an issue
because of the shallow ctch depth (134 nm). The use of Ti
instead of Cr arosc from the observation of slightly better
liftoff yield for Ti compared to Cr, but the difference was
small. As with the blazed grating,’* the challenge of this
work is to achieve the design dimensions ctched in GaAs
which requires compensation for the proximity effect during
exposure. linewidth increase during post-development oxy-
gen descum, resist deformation during metal evaporation,
and any lateral dimension changes while transferring the
Ti/Ni pattern to the Si0, and GaAs. Because the pattern is
periodic. all of the above effects operate uniformly across the
pattern. Compensation for these effects can thereby be ac-
complished with an appropriately biased pattern writien at a
single. optimized dose. The desired 42-nm-wide rib pattern
was biased down to 15 nm for exposure.

The overall AR pattern was written as a square, 960 gm
on a side. to provide a large area for measurement. One may
nole that this structure is relatively insensitive 1o field stitch
errors which simply perturb the local fill factor over a one-
pertod distance al the stitch boundary. For this structure, the
period is 0.26 um and the licld size is 80 wm, so the affected
arca is only 0.3% of the total arca and typical field stitch
errors are less than 10% of the period. Because of the spatial
averaging process which determines the effective index, sub-
wavelength structures, in general, are relatively insensitive to
all random fubrication errors whose magnitudes are small
compared 1o the subwavelength geometry and whose means
are near zero averaged over small areas. The best dose range
for the AR pattern was found to be 1000-1050 pClem?.
Development was performed for 50 sec in a 1:3 solution of
methyt isobutyl ketone (MIBK) and isopropyl alcohol (IPA).
After the Ti/Ni lift-off. the SiO; layer was ctched using
CHF5/0; RIE. The GaAs was ctched in a custom-built RIBE
system with an electron cyclotron resonance (ECR) ion
source. The eich gas was chlorine at a pressure of 2.3
X 10 * Torr. The typical acceleration voltage and beam cur-
rent density were 300 ¢V and 0.62 mA/em’, respectively.
Etches were performed on a timed basis according to system
calibration. A scanning electron micrograph of the cross sec-
tion of three ribs of a fabricated AR surface is shown in FFig.
3. Typical measured rib widths are 55* 5 nm and etch depths
are 140£5 nm. Note the precise rectangular profiles
achieved at this nanometer scale.

IV. EXPERIMENTAL RESULTS

Characterization of the behavior of the AR surface was
performed using the experimental setup diagrammed in Fig.
4. The front side of the wafer was coated with an opaque
chrome layer everywhere except for the AR surface, forming
a 960 wm square aperture. To further ensure that transmis-
sion through only the AR surface was measured, the incident
laser light was also passed through a 960 g m square aperture
prior to incidence on the back side of the wafer. Transmis-
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F16. 3. Scanning electron micrograph of the cross section of a portion of the
antireflection surface fabnicated in GaAs.

sion measurements were made for both TE and TM polariza-
tion. at normal incidence. over a wavelength range of 960-
990 nm. The measurement used a Vi-sapphire laser light
source, a beam chopper, and lock-in detection. A small beam
splitter was placed in close proximity to the sample to split
off a reference beam for normalization of any power level
fluctuations.

In order to determine the true performance of the AR
surface, we need to separate the effects of the back side
surface reflectivity and the optical absorption in the sub-
strate. This can be accomplished by exploiting the informa-
tion contained in the magnitude of the Fabry—Perot oscilla-
tions observed in the raw data. An asymmetric Fabry—Perot
cavity is formed between the front and back air interfaces of
the GaAs substrate. By assuming that the back side reflection
and optical absorption are polarization independent, one may
solve for the front side retlection for both TE and TM polar-
izations. Details of this calculation are reported elsewhere.!!
The measured transmission data for both TE and TM polar-
izations is shown in Fig. 5 along with theoretical values for a
typical AR surface with rib width of 50 nm and etch depth of
135 nm. The agreement between experiment and theory is
scen to be excellent, with measured values for transmission
of 98% and 77% for TE and TM polarizations, respectively.
Note that the design of the AR surface is relatively forgiving
in that the significant percentage error ( —30%) in the etched
rib width compared to the design value results in only a 2%

Integrating

Sphere
Reference
Beam
AR
Incident | Surtace Y Transmitted
Light \ Light
SBeam
litter I i

Pl Air Air MShare?
960 pm \ Chrome
Aperture Masking

FiG. 4. Diagram of the experimental setup used for measuring the transmis-
sion through the antireflection surface
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Fi6. 3. Measured transmission through the antireflection surtace for TE and
TM pelarizations along with theeretical values for a structure with nb width
of SO nm and etch depth of 135 nm.
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reduction in transmission from the theoretical maximum. In
terms of reflectivity, the value observed for TE-polarized
light is 2% versus 23% for TM-polarized light. This greater
than a factor of 10 polanization-dependent difference in re-
flectivity confirms the applicability of these AR surfaces to
polarization control in VCSELs.

V. SUMMARY

We have demonstrated the design, fabrication, and char-
acterization of a specific antireflection structurc in a material
system (GaAs) and at a wavelength (975 nm) directly inte-
grable with GaAs-based vertical cavity surface-emitting la-
sers. The design techmque uiilized an cffective index ap-
proximation valid for the range where the grating pitch is
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only slightly less than the wavelength in the matenial, in
conjunction with a full vector Fourier method. Fabrication
was performed using electron beam lithography and reactive-
ion-beam ctching. Characterization revealed a reflectivity of
2% for TE polarization and 23% for TM polarization, a dif-
ference in reflectivity of over a factor of ten for the two
polarizations. The significant polarization-dependent differ-
encz in reflectivity confirms the applicability of these AR
surfaces to polarization control in VCSELs.
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