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High-resolution complex structures for two-dimensional photonic crystals
realized by x-ray diffraction lithography

L. Businaro,a) F. Romanato, P. Candeloro, and E. Di Fabrizio
LILIT Lab.-INFM S.S.14, km 163.5, I-34017 Basovizza, Trieste, Italy

M. Patrini, M. Galli, and C. Andreani
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A. Passaseo and M. De Vittorio
National Nanotechnology Lab INFM, Universita` di Lecce, Via Arnesano, I-73100 Lecce, Italy

~Received 28 May 2002; accepted 23 December 2002; published 6 March 2003!

Two-dimensional photonic band gap structures were fabricated by x-ray lithography combined with
ion etching on metalorganic chemical vapor deposition grown GaAs/AlGaAs waveguides. Such
structures, more amenable to fabrication than fully three-dimensional photonic crystals, allow the
confinement of light in the third direction using index guiding. The feasibility of complex
high-resolution~down to 50 nm! unit cell fabrication has been demonstrated by exploiting x-ray
diffraction and nonlinear resist response during the development process. Optical characterizations
of some samples were performed. These characterizations show the presence of well-defined
photonic band gap structures and second harmonic property generation. The results have been
discussed and compared with theoretical simulation. ©2003 American Vacuum Society.
@DOI: 10.1116/1.1547726#
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I. INTRODUCTION

A vast range of technological applications, including te
communications, laser, television, radar, etc., is based
control of radiation fields. One of the most promising tec
niques to provide complete control on radiation are photo
crystals ~PCs!. Even though straightforward application o
the photonic band gap~PBG! concept is generally thought t
require three-dimensional~3D! photonic crystals,1–4 much
interest has been devoted to two-dimensional~2D! PCs. This
is because 2D PCs are potentially more amenable to fab
tion and much closer to application.5 In the 2D case the
confinement in the third direction can be achieved with
help of a planar waveguide.6 However, definite standardiza
tion is still far from being achieved and different fabricatio
methods,7–9 architectures, and integration strategies10–12 of
2D PC are under investigation and in competition to prod
first market devices.

Recent works13,14 stress the importance of properly d
signing the lattice-unit cell shape in order to optimize t
PBG and to control the polarization propagation more eff
tively. A second field where complex unit cells help, is f
the application of PCs to second-harmonic genera
~SHG!.15 In that case the need to obtain patterned mater
with high filling factors~ratio between the dielectric volum
and the air volume!16,17 leads to the design of unit cells dif
ferent both from holes and pillar that are commonly fou
when dealing with PCs. From the fabrication point of vie
the control of unit cell shape with lateral resolution down
few tens of nanometers, with defect-free patterns and c
trolled periodicity on large areas, presents a challeng

a!Electronic mail: luca.businaro@elettra.trieste.it
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technological problem and no experimental investigation
been performed.

GaAs PCs slabs are very well suited for both light prop
gation control and SHG.18,19 While the high refractive index
of GaAs~n53.65! allowed its wide use in photonic applica
tions, SHG is a more complicated task due to the opti
isotropy of this material. In fact, there are two key chara
teristics of materials to be used for SHG: the second or
susceptibility, that is very high for GaAs, and the ability
match the phase velocities between the differ
frequencies.20 ~For GaAsx (2) 240 pm V21. This value gives
about 1 order of magnitude greater efficiency than the co
monly used materials.! Phase matching can be obtained,
birefringent materials, with a careful choice of the polariz
tion for the different waves in order to adjust their pha
velocities. In the isotropic GaAs phase matching is obtain
by using an artificially built-in birefringence breaking th
isotropy with the insertion of a AlGaAs film.21 Moreover,
SHG efficiency can be greatly enhanced~6 order of magni-
tude higher than bulk GaAs! by localized photonic eigen
states in 2D PCs.22 As GaAs is the material of choice fo
semiconductor lasers, it could be possible to integrate opt
sources and frequency converters in order to obtain new
vices. Starting from relatively simple x-ray masks, a care
diffraction design of the projected pattern in x-ray lithogr
phy ~XRL!, together with the accurate choice of the expos
dose and of the development time~Sec. II!, allowed us to
achieve various complex patterns on the resists~Sec. III!.
The pattern transfer into GaAs waveguide was obtain
through a dry etching process~Sec. IV!. Optical character-
ization showed the presence of photonic bands and high
ficiency in diffracted and reflected SHG signals~Sec. V!.
7483Õ21„2…Õ748Õ6Õ$19.00 ©2003 American Vacuum Society
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749 Businaro et al. : High resolution complex structures for 2D photonic crystals 749
II. DESIGN

Entire families of symmetric complex patterns can be o
tained by means of x-ray diffracted radiation. After choosi
the desired unit cell and array structure, it is possible, us
proper simulation tools and knowing the meaningful para
eters of the x-ray beam, to design a relatively simple ma
The particular design characteristics of LILIT lab XRL bea
line23 allows the shaping of the spectrum to be delivered
our optical system by selecting the wavelength band pas
the case of samples described in this work, we chose to w
at the minimum wavelength spread that results in a spect
centered at 0.83 nm~1.5k eV! with full width half depth of
0.56 nm~700 eV!. To generate strong diffraction effects, th
spatial coherence of the light must be larger than the typ
dimension of the diffracting elements. According to the V
Cittert–Zernike theorem,24 the spatial coherence length o
the present beamline is

l c
spatial5

l

2p

L

S
>20 mm,

obtained considering the beam line lengthL525 m and by a
vertical bending magnet source sizeS5200 mm. This is
much larger than typical x-ray mask structures.

The aim of our experiment is to control the resulting d
fraction pattern distribution and to generate complex lith
graphic structures. Simulations have been performed u
the TOOLSET25,26 code, which was developed specifically
model the exposure and the development of a resist in x
proximity lithography. The code first calculates the lig
transmission through the different layers and the near-fi
propagation of the electromagnetic field onto the resist,
terwards, it simulates development of the exposed resist.
program requires the knowledge of the parameters descri
the x-ray source and x-ray mask. Therefore, input parame
are the natural divergence of the incoming beam, the ang
and the constant blur,22 the layering of the mask and its pa
tern, the kind of resist~thickness, chemical composition, di
solution rate!, the atmosphere where the exposure ta
place, the exposure and development time, and finally
mask–substrate gap distance. After we imposed the phy
parameters of the exposing beam and of the resist beha
we investigated the mask–substrate gap distance param
In particular, we focused our attention on the condition
the fabrication of rings with or without central pillars gene
ated by a mask consisting of an array of squares~Fig. 1!. We
chose this focus because of the relative simplicity of
mask and because of the interest of this kind of lattice b
for PCs and SHG. In Fig. 2 we have reported the simula
aerial diffraction pattern obtained for a gap of 15mm ~i.e.,
one of the mask–wafer gaps used during the experime!.
The simulation shows several peaks and valleys whose p
tion and intensity are strongly dependent on the geometr
configuration of the lattice. We also report the diffractio
pattern intensity along a cutting line of the mask. We n
that the single strong minimum at the center of the transm
ted beam is responsible for the dot at each lattice-unit bas
Fig. 3~b!.
JVST B - Microelectronics and Nanometer Structures

Downloaded 16 Nov 2012 to 155.69.4.4. Redistribution subject to AVS license or
-

g
-
k.

y
In
rk
m

al

-
ng

y

ld
f-
he
ng
rs

ar,

s
e
al

or,
ter.
r

e
h
d

s
si-
al

e
t-
in

The diffraction is not the only effect that must be co
trolled to achieve the final lithographic pattern. In order
develop correctly the exposed resist an accurate optimiza
of the exposure dose and of the development time is
quired. This study has also been performed for exploiting
part of TOOLSET devoted to the resists development. We
troduced the poly~methylmethacrylate! ~PMMA! and SAL
601 resist dissolution rate27 in order to compute the resis
development time evolution on a representative area. As
amples in Figs. 3~a!, 3~b!, and 3~c! we have reported the
simulated SAL601 resist structures considering a mask s
strate gap of 5, 10, and 15mm, respectively, while in Fig.
3~d! we reported a simulated PMMA structure obtain
simulating a gap of 15mm. We note that, because of th

FIG. 1. SEM image of the XRL mask.

FIG. 2. Aerial diffraction pattern simulation generated by the x-ray ma
pattern obtained with a 15mm mask–substrate gap. The intensity profil
along the cut line on the aerial image appears on the bottom panel.
 copyright; see http://avspublications.org/jvstb/about/rights_and_permissions
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750 Businaro et al. : High resolution complex structures for 2D photonic crystals 750
etching process used as the final step of fabrication,
simulation appears to be the negative of the final pattern
on the samples.

By choosing the right experimental conditions, seve
combinations of internal and external radii of the rings o
controlled smoothing of the squared angles can be achie
The key parameter in this case is the contrast between
absolute and local maxima~and minima! of the diffraction
pattern~Fig. 2, lower part! that is high enough~more than
20%! to guarantee the modulation of the lithographic stru
tures. The mask–substrate gap dependence of the int
and external diameter of rings for three different develo
ment times~30, 60, and 120 s! are reported in Fig. 4 for the
PMMA resist and a dose of 3.5 J/cm2. Results show that a
large range of configurations can be achieved. At 30 s,
holes can be open in the base of the lattice. In contrast h
can be open in the base of the lattice at 60 s. A furt
increase of the development time decreases the externa
dius and increases the internal. This results in a thinning
the ring walls, if we consider the resist structure, the oppo
happens for the etched structure. The structures of 50
ring wall thickness were considered the fabrication limit
this process.

III. FABRICATION

The samples studied in this work were grown in a ho
zontal low pressure metalorganic chemical vapor deposi
system~AIXTRON 200 AIX! equipped with a rotating sub
strate holder using a growth pressure of 20 mbar. Trime
gallium ~TMGa!, trimethyl aluminum~TMAl !, and pure ar-
sine (AsH3) were used as source materials. Palladium p
fied H2 with a flow rate of 7 slm was the carrier gas. Th
growth was performed on~100! exactly oriented semi-
insulating GaAs substrates at the nominal growth temp

FIG. 3. Simulation of the developed SAL 601 and PMMA resists expose
three different mask–substrate gaps:~a! SAL 5 mm, ~b! SAL 10 mm, ~c!
SAL 15 mm, and~d! PMMA 15 mm.
J. Vac. Sci. Technol. B, Vol. 21, No. 2, Mar ÕApr 2003
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ture of 750 °C. The structure consisted of 500 nm of GaAs
the topmost layer, followed by 1500 nm middle layer
Al0.25Ga0.75As, and 200 nm GaAs buffer layer. The who
structure was grown at the rate of 4mm/h and unintention-
ally doped.

XRL masks were generated by electron-beam lithogra
over a 434 mm2 area ~Fig. 1!. The pattern consists of a
chessboard lattice of squares with a period of 500 nm al
the diagonals. The pattern was exposed in a 400 nm th
film of PMMA spun on a Au/Cr-coated Si3N4 2-mm-thick
membrane and prebaked at 170 °C on a hotplate. After
velopment for 30 s in a 1:3 solution of methyl isobutyl k
tone and isopropyl alcohol~MIBK:IPA !, rinsing in IPA and
30 s O2 plasma cleaning,28 the patterned area was filled b
electro-plating deposition with 350 nm of Au. The remainin
PMMA was stripped in hot acetone at 50 °C.

The proximity x-ray lithography was performed a
LILIT 29 beam line located at Elettra Synchrotron, Tries
Four samples were coated with resists of both tones: PM
with molecular weight 950 kDa with 7% of solid part~posi-
tive!, and SAL 601 50% diluted in EC solvent~negative!.
150 nm of PMMA was spun on the samples and prebake
170 °C on hot plate for 5 min. SAL 601 was spun at 200 n
and prebaked at 105 °C for 1 min. The most relevant ex
sure parameter was the mask–substrate gap that we sel
on three values: 5, 10, and 15mm.

The exposure doses were 2400 and 125 mJ/cm2, respec-
tively, for PMMA and SAL 601 samples. The latter we
postbaked for 1 min at 105 °C on a hot plate. PMM
samples were developed for 45–50 s in a 1:3 solution
MIBK:IPA and rinsed in IPA. SAL 601 samples were deve
oped for 5 min in MF312 diluted in H2O and rinsed with
demineralized water. The process was completed includin

t

FIG. 4. Internal and external radius of the 2D lattice basis obtained
different mask–substrate gaps and developing times.
 copyright; see http://avspublications.org/jvstb/about/rights_and_permissions
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751 Businaro et al. : High resolution complex structures for 2D photonic crystals 751
reactive-ion etching~RIE! in oxygen at 531022 Torr and a
plasma power of 50 W to guarantee a complete cleanin
the bottom of the structures.

Finally, a liftoff process was performed by evaporating
nm of nickel followed by stripping the residual resist. Nick
showed an extremely high selectivity to the RIE perform
by an inductively coupled plasma RIE reactor in a atm
sphere of 95% SiCl4 and 5% of Ar and a cathode bias vol
age of 230 V. The etching rate was 0.39mm/min. The typical
total etching time of 5 min caused an etch depth of abou
mm in the patterned regions as shown in Fig. 6.

IV. EXPERIMENT

Three samples prepared with SAL 601 and named S5,
and S15 were exposed with the mask–substrate gaps
respectively, at 5mm @Fig. 5~a!#, 10mm @Fig. 5~b!# and to 15
mm @Fig. 5~c!#. A fourth sample, P15,30 which was spun with
PMMA, was exposed at a 15mm mask–substrate gap@Fig.
5~d!#. Note that Fig. 5 shows the result of the nickel ma
obtained after the evaporation and stripping processes.
details of the cross-section 3D view of sample P15~Fig. 6!,
selected as representative of all the other samples, show
the lithographic pattern has been effectively etched thro
the thickness of the epitaxial AlGaAs film. This provide
structures with aspect ratios on the order of 7. Notice
layering of the epitaxial growth and the residual nickel fi
used as the mask layer during the RIE.

It is also worth noticing that the dependence of the latti
unit cell on the mask–substrate gap distance follows the
dictions of simulations presented in the last section. In
case of the 5mm mask–substrate gap@Fig. 5~a!#, the mask
features are well reproduced. This is the case named ‘‘p
imity x-ray lithography’’ where a one-to-one replica of th

FIG. 5. Replicas of the x-ray mask and diffraction effects obtained by set
different gap distances:~a! sample S5: one-to-one replica;~b! sample S10:
diffraction effects using SAL resist and a gap of 10mm; 50 nm wide pillars
have been generated on the center of the rings;~c! sample S15: array of
dielectric rings SAL resist and gap of 15mm; and~d! sample P15: array of
air rings obtained using PMMA resist and a gap of 15mm.
JVST B - Microelectronics and Nanometer Structures
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mask can be achieved and where the diffraction effects h
been almost completely suppressed by minimizing
mask–substrate gap.

The diffraction effects, on the contrary, are evident on
samples exposed at the 15mm mask–substrate gap with bot
negative and positive resist@Figs. 5~c! and 5~d!#. The square
shape of the mask lattice-unit cell becomes stron
smoothed at the corners and the cell appears as a hole~or a
pillar, depending on the tone of the resist! at the center. The
patterning obtained exposing the negative resist appear
be composed of an array of rings with a remarkably th
lateral wall ~,50 nm!. In this case, the filling factor of the
resulting photonic crystal, i.e., dielectric fraction on the to
unit cell area, is very low and ranges from 9% for S15
28% for S5. Of course an opposite patterning with a ve
high filling factor, 78%, can be achieved using positi
~PMMA! resist@Fig. 5~d!#.This resist provides a final struc
ture composed of thin rings etched into the epitax
multilayer.

An even more complex case is shown by sample S
exposed at the 10mm mask–substrate gap@Fig. 5~b!#. In this
case a further central pillar appears with a 100 nm w
diameter and 70 nm apart from the external ring, whose w
is 45 nm thick. It is remarkable that these high-resoluti
structures have been reproduced almost perfectly on a
face of 434 mm2.

V. OPTICAL CHARACTERIZATION

The photonic-band structure was investigated by mean
the surface coupling technique proposed by Astratovet al.31

for III–V photonic crystals. This method relies on the obs
vation of sharp resonances in the reflectance spectra of
limated light incident on the surface of the photonic cryst
Variable-angle specular reflectance was measured in
range 0.25–2 eV by a Fourier-transform spectrometer Bru
IFS66 at a spectral resolution of 1 meV. The angle of in

g

FIG. 6. Cross section of sample S15 where can notice the result of
reactive-ion etching process onto the sample surface.
 copyright; see http://avspublications.org/jvstb/about/rights_and_permissions



752 Businaro et al. : High resolution complex structures for 2D photonic crystals 752
FIG. 7. Photonic band structure of sample S5~a! and of sample P15~b! as determined from experimental reflectance spectra~symbols! and from a theoretical
calculation of photonic mode dispersion~lines!. Light dispersion lines in air, GaAs, and AlGaAs are also reported~dotted lines!.
nd
r

ne

h
ow
ho
nt
d
ui

ym
n
r-

r
v

ite
es

i
ra
i-
d

ta

,
ic

t
r

n
mp
si-

c-
n-
the
als

ort
m
en-
ain-
ro-
. In
ely
the
ent
ted

the
as
f

ith
denceu was varied in the range 5°–60° with steps of 5° a
angular resolution of61°. Measurements were taken fo
light incident along theG-X and G-M orientations of the
samples, both in transverse electric and transverse mag
polarizations and described in depth in Ref. 32.

Comparison between the obtained dispersion of the p
tonic bands and the results of a theoretical calculation sh
that the latter reproduces all qualitative features of the p
tonic band dispersion with discrepancies from experime
data remaining below 0.05 eV.33 As an example, the obtaine
dispersion of the photonic bands that spans the first Brillo
zone is shown in Fig. 7 for the S5 and P15 samples.

The present findings indicate that PCs with the same s
metry and the same film structure, but with very differe
dielectric fractions, show very different light-guide perfo
mance as shown in Figs. 7~a! and 7~b!. The propagation
losses of photonic modes have an intrinsic component,
lated to out-of-plane diffraction of quasiguided modes abo
the light line, and an extrinsic component arising from fin
hole depth, roughness, inhomogeneities, etc. All th
mechanisms contribute to diffuse scattering losses. The
trinsic mechanism of diffraction arises from the nonsepa
bility of the dielectric tensor as a function of spatial coord
nates, which produces a coupling of the quasiguided mo
to the external radiation field. As follows from experimen
and theoretical results, intrinsic diffraction losses are due
the increase with the air fraction.

For a given incidence angle and sample orientation
second-harmonic beam is generated in all directions wh
satisfy the following conditions:

ki852ki1G, ~1!
J. Vac. Sci. Technol. B, Vol. 21, No. 2, Mar ÕApr 2003
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where ki(ki8) is the parallel wave vector of the inciden
~second-harmonic! beam andG is a reciprocal lattice vecto
of the photonic lattice. ForG50 we have the usual SHG in
reflection. One can view the diffracted SH beam@GÞ0 in Eq.
~1!# as being due to SHG in reflection followed by diffractio
at the harmonic frequency, or else diffraction at the pu
frequency followed by SHG: the two processes are phy
cally indistinguishable.

The SH signals detected both in reflection and in diffra
tion follow a quadratic law in the input fluence. The nonli
ear radiation appears to be spatially coincident with
pump laser beam in reflection. The SH diffracted sign
have been measured both fors and p polarization of the
incident radiation and both for theG-X~f50°! and G-M~f
545°! PC orientations and shown in Fig. 8. We also rep
the theoretical nonlinear SH diffraction curves derived fro
Eq. ~1! for the two cases. Agreement between the experim
tal results and the theoretical curves is very good. Uncert
ties over incidence angles are 1°, due to the alignment p
cedure both of the sample and of the incident laser beam
our setup, the optical-fiber angular position is not absolut
calibrated but is obtained by measuring the position of
SH-reflected signal. Thus the uncertainty on the incid
angle is directly transferred to the SH-reflected and diffrac
beams.

For both reflected- and diffracted-SH measurements,
nonlinear reflection/diffraction coefficients, defined
R(R,D)

NL 5I (R,D)(2v)/I (v)2, have been evaluated. A value o
the order of;5310224 m2 M21 for s-polarization andG-X
crystal orientation is obtained and compares favorably w
the theoretical prediction34 of 5310224 m2 W21 for bulk
 copyright; see http://avspublications.org/jvstb/about/rights_and_permissions
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753 Businaro et al. : High resolution complex structures for 2D photonic crystals 753
GaAs @1,0,0# crystal. Similar, consistent values have be
obtained also forp polarization (;1310222 m2 W21 with
G-M crystal orientation both for theoretical and experimen
results!. Indeed, the air filling factor of the photonic cryst
amounts to only 12% in this sample, leading to a quasib
GaAs @1,0,0# nonlinear response. In fact second harmo
reflected signal inp polarization is greater than that ins
polarization, while ins polarization,G-M signals~@0,1,0# azi-
muth GaAs orientation! are lower thanG-X ones~@1,1,0# azi-
muth GaAs orientation! and in p polarization the trend is
opposite. Further experiments are under development in
der to demonstrate SHG enhancement using phase matc
in 2D PCs.

VI. CONCLUSIONS

Diffraction effects on x-ray lithography were exploited
generate 2D photonic crystals with complex unit-cell lattic
A high spatial degree of coherence and precise control of
mask–substrate gap distance are the crucial parameters
allow generating strong modulated illumination patterns
the resist. Computer simulations have shown that even w
starting from a relative simple mask made of squares o
square lattice, rhombs or four-leaf clover patterns can
generated. In order to avoid any complication due to sh
dependence, we focused on the fabrication of rings and
tirings, with or without concentric pillars or holes, 2D ph
tonic crystals on an air/GaAs/AlGaAs waveguide. The s
modulation of the internal ring and of the eventual cent
pillar was achieved by exploiting the exposure dose and
resist development-time calibration. Wall rings as small as
nm and central pillars of 100 nm have been realized on 434
mm2 areas.

The optical characterization has shown that fabricated
photonic crystals have definite optic-band structures and
have as SH generators. This technique can be applie
investigate the influence of the unit-cell lattice shape on
optical characteristics of the photonic crystals. In this wo
we focused on the influence of the filling factor. The pres

FIG. 8. Measured~dots! and calculated~lines! angles of diffraction for the
anglef50° ~G-X! and f545° ~G-M! crystal orientation in the plane of inci
dence for the two polarizations as a function of the angle of incidenceq of
the pump beam onto the photonic crystal. The pump wavelength is 814
JVST B - Microelectronics and Nanometer Structures
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findings indicate that samples with very low air fraction i
deed have narrow reflectance structures arising from w
defined photonic modes. Therefore these modes must h
small radiative linewidths and low propagation losses.
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