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Abstract—We demonstrate wavelength-scale photonic nanos- photonic crystals (PhCs). PhCs are wavelength-scale periodic
tructures, including photonic crystals, fabricated in silicon-on-in-  structures with a strong refractive index contrast. Another
sulator using deep ultraviolet (UV) lithography. We discuss the candidate is the photonic wire (PW), a narrow ridge wave-

mass-manufacturing capabilities of deep UV lithography com- . . : . . .
pared to e-beam lithography. This is illustrated with experimental  9Uide; typically a few hundred nanometers in width, with high

results. Finally, we present some of the issues that arise whenrefractive index contrast. o
trying to use established complementary metal-oxide—semi- Because of the large refractive index contrast needed for pho-

conductor processes for the fabrication of photonic integrated tonic crystals and photonic wires, semiconductor is the preferred
circutts. material for ultracompact PICs. For active devices, one needs a
Index Terms—integrated optics, lithography, nanotechnology.  material system that can emit light at the required wavelengths,
implying the use of IlI-V semiconductors. For passive applica-
I. INTRODUCTION tion.s', itis algo possible to use silicon,l particular.ly in_the fprm
of silicon-on-insulator (SOI). SOI consists of a thin silicon film
I N THE last decade, optical communication has beeparated from the silicon substrate by an oxide layer. Because
one of the driving forces behind the rapid expansion @ffthe large refractive index difference between Si and,Sifis
the Internet, providing the huge bandwidths needed for thgaterial can act as a highly confined optical waveguide.
explosively increasing data traffic. However, when com- ggth PhCs and PWs have features well belopni in size,
pared to the ultralarge-scale integration of complementagyd need to be fabricated with a precision of tens of nanometers.
metal-oxide—semiconductor (CMOS) circuits, the opticglor research purposes, the most used pattern definition tech-
components used for routing and switching in fiber-opticglique is e-beam lithography. However, this technique is not suit-
links are large and primitive looking, and the larger part ofpje for mass manufacturing, as itis a serial and, therefore, slow
the functionality is still performed in the electrical domainprocess. Classical photolithography, used for the fabrication of
requiring many electrooptical conversions. the current generation of PICs, lacks the resolution to fabricate
In recent years, more and more functions are being impl@rese submicrometer structures.
mented optically and combined into photonic integrated circuits Deep ultraviolet (UV) lithography is the continuation of op-
(PICs). Still, current PICs combine only a limited number ofica| lithography into the deep UV wavelengths range. With il-
functions on a single chip, as large areas are required jusfighination wavelengths of 248 nm or less, this technique offers
guide the light from one functional element to another througdhth the resolution and the speed required for the mass manu-
waveguides. In particular, waveguide bends prove a crucial “'W&cturing of PICs with submicrometer features.
tation, as the bend radius needs to be adequately large to prevey this paper, we will discuss experiments to fabricate SOI
radiation losses. components for ultracompact PICs, and in particular photonic
Therefore, to increase the level of integration in PICs, it is Nelystals, using deep UV lithography with an illumination wave-
only necessary to scale down the individual functional elemenréngth of 248 nm. First, an overview of photonic crystals and
but also reduce the area required for waveguiding. This requikggjr use in optical waveguides is given in Section II. Section III
narrow waveguides that can have tight bends with little 10ss. giscusses the SOI material system for optical applications. Cur-
One possible solution to implement these efficierfont lithography techniques for the fabrication of PICs are com-
waveguides, and possibly other functions, is the use Bhred to deep UV lithography in Section IV. In Section V, we
give an overview of the experiments, and the issues that arose
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In this paper, we will only discuss photonic crystals for TE-like
polarization.

C. Out-of-Plane Scattering

Unlike 3-D photonic crystals, 2-D photonic crystal slabs do
not confine light perfectly. In the slab material, light is confined
by the vertical index contrast, but this confinement is lost where
the material has been removed, like in the air holes of Fig. 1.
This lack of confinement can cause out-of-plane scattering of
the light, resulting in unwanted loss of light in photonic crystal
waveguides, cavities, or lattices.

Fig. 1. Schematic drawing of a photonic crystal slab waveguide in The out-of-plane scattering losses are very much dependent
silicon-on-insulator. The light is confined in the top silicon layer by totabn the choice of vertical layer structure. Simulations show that
;?écleergél reflection, while horizontally it is confined by the photonic crysta|n Iayer stacks with a low vertical index contrast, like InP or
GaAs-AlGaAs-based heterostructures, light will always couple
to the radiation modes in the substrate, but this coupling is weak

scale down the size of optical components significantly. Thelf,y results in only low or modest out-of-plane scattering losses

high refractive index contrast with wavelength-scale periodtq]_[g]_ This will be so for periodic structures, like photonic

modulation gives these structures strong diffractive propertiesy stal waveguides, but also where the periodicity is broken, like
including photonic band gaps (PBGs). These are wavelen ds or cavities.

ranges in which the light is forbidden to propagate through the po high vertical index contrasts, like in silicon-on-insulator
PhC. B.ecause of the I_DBG, light vyill be pound to defects intr?SOI), GaAs—AIQ. or semiconductor membranes, light can be
duced in the crystal, like waveguides (line defects) or Migh-\ont ‘apsolutely confined in periodic structures. It is therefore
cavities (point defects) [2]. When completely embedded in@,qqihle to make PhC-based waveguide that supports a fully
photonic crystal, these structures can be completely Ioss"?@?ided Bloch mode and, therefore, is completely lossless [6].
allowing for short bends without radiation loss. In additio”However, when the periodicity is broken, losses can be higher
photonic crystals can be very dispersive, being able to act{gs for low-index-contrast layers [8], [9].
Wavelgngth selective g!ement [31 . Because of out-of-plane scattering losses, the choice of ma-
An important condition for the emergence of & photoniia| system very much determines the possible applications. A
bandgap is a sufficiently high refractive index contrast within gy, vertical index contrast s useful for large structures in which
unit cell, typically 2-1. This sets a limit to the possible material,e heriodicity is seldom broken, like long, straight waveguides.
systems for photonic crystals. For infrared and optical applisr yaveguides with many bends and other components, a low

cations, the most promising material system is semiconductoLica| refractive index contrast might be preferable.
Not only does it have a high refractive index (typically

n > 3), butitis also a suitable material for microfabrication.

[1l. SILICON-ON-INSULATOR FORINTEGRATED OPTICS
B. Photonic Crystal Slabs A. SOl as a Slab Waveguide

Photonic Crysta]s can be made periodic in one, two, or threeSOl was first introduced for CMOS applications to reduce the
dimensions. 3-D photonic crystals control light in all directiong)arasitary capacitance to the silicon substrate. However, it soon
but because of their volumetric nature are hard to make for dpyroved equally suitable for the purpose of guided-wave optics.
tical wavelengths. Alternatively, we can use a combination of2O! consists of a thin silicon layer separated from the silicon
2-D PhC with slab waveguide [4]-[6]. A schematic drawing ofubstrate by a layer of SiO
awaveguide in a 2-D photonic crystal slab made of a triangularBecause of the high index contrast betweenSk 3.45) and
lattice of air holes in semiconductor is given in Fig. 1. In thesaiO: (n = 1.45), the top layer can act as an optical waveguide.
photonic crystal slab waveguides, light is controlled in plane Byjoreover, the vertical index contrast is high enough to support
the photonic crystal made of holes or rods in high index mat@-guided Bloch mode in a photonic crystal waveguides.
rial. Vertically, the light is confined in the high index layer of the The use of SOI as an optical waveguide is not a recent devel-
slab by total internal reflection. Even though the confinement@ment. However, current PICs implemented in SOl use waveg-
not perfect, these structures have the advantage that they @éigl¢s with large cores, with top Si layers of up to 4 thick
be fabricated with existing high-definition lithography and dr§11]. For our experiments, we used a top layer with a thickness
etching techniques, as is discussed further. of only 205 nm.

Photonic crystal geometry is heavily dependent on the used L
polarization. For TE-like polarization (dominant electric field: Fabrication of SOI Wafers
in the plane of the slab waveguide), the best photonic crystalsSOI wafers are typically fabricated using wafer bonding. For
consist of triangular lattice of air holes in high index material@ur experiments, we ordered wafers from SOITEC fabricated
These holes should be superdense, i.e., the hole should be lavigle the UNIBOND process. First a wafer is oxidized to create
compared to the interhole spacing. For TM-like polarizatiorthe buried oxide layer. Then hydrogen ions are implanted at a
one should use square lattices of high-index pillars in air [2jell-controlled depth, creating a Smart Cut. This wafer is then
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D. Material Choice
% Our choice for SOI as a base material was motivated by sev-

eral factors. As already mentioned, SOI is a good material for
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m\\o\ optical waveguides. Moreover, with its high refractive index
contrasts, it is possible to make photonic crystal waveguides that
sustain guided Bloch modes. Another important factor is that
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IV. LITHOGRAPHY FORPHOTONIC CRYSTALS

Fig. 2. Semi-log graph of the substrate loss in db/mm as a function of sili

layer thickness for four different values of silicon layer thickness. K. E-Beam LItthraphy
Because of their submicrometer features and the need to

bonded to a clean Si wafer. Then the substrate of the first wa%)rntrOI the feature size within tens of nanometers, conventional

is separated along the implanted Smart Cut, and then anneeﬂggcal lithography is not suitable for pattern definition of these

and polished. For a more detailed description of the UNIBON ructures. Because of the need f(.)r high resolution, e-beam
ithography is the most-used technique for research purposes
process, see [10] and [12].

For the first experiments, we used standard UNIBON@nd prototyping. This process, in which structures are written

; . . - irectly into photoresist with a focused electron beam, is
wafers with a buried oxide of 400 nm and a top silicon layer -
of 205 nm capable of defining extremely small features. However, because

everything is written in a serial way, the process is very slow
and, therefore, not suitable for large volumes.
C. Substrate Losses

o _ ) B. Deep UV Lithography
With its high-index contrast, SOl is a good candidate mate-
rial system for photonic crystal components. However, as the tall patt ult v. Optical lith hv h |
substrate is made out of the same high-index material as the ED all patterns simultaneously. Upucallithography has always

tically guiding layer, part of the light will leak away through the en the workhorse for this purpose, but it is limited by optical

cladding layer into the substrate. This loss sets an upper "rﬂﬁfratl:tlont.thatures r;aduced ddown t? thgtS|zte ollft_n\_(ra]lllurfmnat;ﬁn
to the performance of any component in the material syste}%’?we ength become fuzzy or do hot pnint at afl. thereiore, the
Therefore, it is important that the thickness of both the top g?Xt generation of optical lithography employs excimer lasers

layer as the buried oxide is chosen well, to keep leakage |8Wh wavelength_s in the deep UV, starting at 248 and 193 nm
while still keeping a single mode waveguide. with research being conducted at 157 nm. At these wavelengths,

1) Calculation Method:We simulated the substrate loss 0+t.|s possible to fabricate certain isolated structures with dimen-

a TE mode in an SOI slab waveguide at a wavelength of 1.88NS bel(.)W .100 nm [15]. . . . .

#m using the mode expansion tool CAMFR [13]. Refractive in- For perlodlc strugtu'res, like photgm(} grystals, opt!cal lithog-
dexes were obtained from [14]. To simulate the loss to the op%‘}Phy IMposes a limit on the per|_0d|c_|ty. 'I_'he_perlo_d of the
substrate, perfectly matched layer (PML) absorbing boundaﬁ?qlleSt_per'Od'c structure ”_"”?‘ will still print is _defmed by

conditions were used. e illumination wavelength divided by the numerical aperture

2) Substrate LossCalculations show that losses duetosué—N in hioh-end d UV st th llest usabl
strate leakage decrease exponentially with increasing thickn88Y/ common in high-end deep Steppers, ine smailestusable

of the oxide layer. Fig. 2 shows this loss expressed in dB/mrrP.e”OOI for 248-nm I|thqgr§1phy 'S t'he'r.efore abou't 400 nm,
Also, the thickness of the top silicon layer has its effect on th Because of the prohibitive acquisition and maintenance costs,

substrate leakage. With increasing layer thickness light is bet ep UV I|tho.graphy is rarely used for sqentmc purposes, but
confined into the layer, resulting in a smaller tail in the substrafe’® already widely adopted for commercial CMOS fabrication.
and a smaller leakage. The slab waveguide remains single mode .
for a silicon thickness up to 268 nm. C. CMOS Structures Versus Photonic Crystals

3) Conclusion: To keep leakage of light to the substrate neg- Even though the use of deep UV lithography for the fabrica-
ligible, an SOI layer stack with a thick buried oxide is requiredion of electronic integrated circuits (ICs) is already widespread,
The wafers used for the fabrication experiments discussedtlire techniques optimized for CMOS cannot be ported to other
this paper have only 400 nm of buried oxide. According to odields in a straightforward way.
calculations, this would give us a minimum loss of 6 dB/mm. Structures used for photonic ICs are often different than
For future experiments, a thicker oxide layer will be used. those used for their electrical counterpart. This is also true for

For mass fabrication, a parallel process is needed that can
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photonic crystals. While the spacing between contact holes fo
CMOS circuits is never smaller than the hole itself, the holes ir
photonic crystal slabs are packed very close together.
Another difference is that for photonic ICs, it is sometimes "8I ]
necessary to fabricate very different structures in a single pro S0, |
cessing step. An example could be a ridge waveguide, consistir| Sisubstrate
of asingle line, coupling into a photonic crystal waveguide, con-
sisting of a superdense array of small holes. For optimal align
ment between these two waveguides, both should be printed t(
gether. However, the very different nature of both structures re

quires different exposure conditions for the lithography process g« =z = ; i diip -nm/

(a) bare wafer (b) resist coating (c) Top AR coating
and soft bake

(L~

V. FABRICATION EXPERIMENTS

The fabrication was done at IMEC in Leuven, Belgium. Even
though there is a large difference between CMOS structures ar
photonic crystals, the first lithography and etching experiments
were performed using CMOS process evaluation masks witl

large arrays of densely packed contact holes in a square lattic e @ -n;‘::f 2 P Xy
For further experiments on photonic crystals, a dedicated mas i / , % ‘““
T Ay @b o /

was designed. -l“.“'!:ﬂ““ilatiﬁ_“i:’:ﬂ l!“'“h“‘"‘ﬂ%
’ A #7111 10 5 i

(d) exposure (e) post-exposure  (f) development
bake

Al ¢fi I

A. Fabrication Process

1) Lithography: The deep UV lithography facilites we (g silicon etch (h) Oxide etch (i) resist strip
used at IMEC for these experiments consist of an ASML PAS
5500/300 deep UV stepper with an illumination wavelengtfig. 3. Fabrication process with deep UV lithography in SOI.
of 248 nm and a # reduction factor from the mask to the

wafer. The stepper uses 200-mm wafers and is attached to:8Rsists of square lattices of holes of various size and pitch,
automated wafer-processing track that handles resist coatiggp spaces equal to the hole’s diameter or larger. To make su-
baking, and development. o ~ perdense lattices similar to photonic crystals, we overexposed
The fabrication process is illustrated in Fig. 3. First, ghese structures to print the holes larger, but with the same pitch.
200-mm SOl wafer is coated with resist. For this purpose, we\ye manufactured lattices with pitches from 400 to 600
experimented with different thickness of Shipley UV3 resishm and using overexposure reached radius/pitch ratios of
Before illumination, the resist is prebaked and a NFC antirg-o5_0 35 For each target we had an adequate budget in both
flective coating is spun on top. Then the wafer is illuminateg)cys and exposure dose.
in the stepper. Before it is developed, the resist goes through &ch tests on a-SOI wafers show holes with straight sidewalls
post-exposure bake. After development, the wafer is ready farhoth the a-Si layer and the oxide layer, with no discernible
etching. _ _ ) ~discontinuities between the different layers. Sidewalls have little
2) Etching: The etching of the SOI wafer is done using geviation from the vertical and show very little roughness. We
double etch recipe, in different chambers. There is no expQso performed the same test on a standard SOI wafer. This
sure to air when changing between the two etch chambers. H@wed similar quality of sidewall smoothness. Fig. 4 shows a
top silicon layer is etched using an ICP low pressure/high d%‘p-down and a cross section of 300-nm holes with a pitch of
sity etch system with a chemistry based os-@1Br-He—-Q. 500 nm.
For the buried oxide, we used a dual frequency, medium presgyen though these structures are not really photonic crystal,
sure/medium density etch system with a,6EHF; chemistry. e can conclude that is possible to fabricate superdense, pho-

For the first experiments, the etching was evaluated on a-S(ghic crystal-like structures with deep UV lithography.
wafers. These are wafers with a similar layer structure as the
commercial SOI wafers we used, but the top silicon layer is rg- syperdense Triangular Lattices
placed by a layer of amorphous silicon. These wafers can b . . . .
fabricated in-house from ordinary silicon wafers. Although theeF(irlfutrthe:[r evaluatl(;lns,' a %e‘i'r'ﬁ?‘ted mkask \,:V'.th Thotonllc
a-SOl layer structure is different from crystalline SOI from th rystal structures was designed. This mask contains triangutar

viewpoint of optical components, it has comparable etch pro _ttlcaes W'th various pitch ar:q hollte T'Ze' botth_ for mspec'ﬂo? n
erties at a substantially lower cost per wafer, op-down view as cross section. It also contains some photonic

crystal designs described in literature, where necessary adapted
to the SOI layer structure [17], [18].
Lithography tests on these structures show well-defined re-
The first lithography tests were carried out using a CMOSist patterns for the holes. Even as the holes on the reticle are
process evaluation mask with dense contact holes. The mdskined as hexagons in a triangular lattice, they are rounded

B. Dense Square Lattices
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Fig. 4. Top-down view and cross section of etched holes in SOI. Pitch is 58r(¥
nm, hole size is 350 nm.

by the lithography process. For the various pitches hole diame-
ters, the holes are very uniform throughout the lattice. Fig. 5(a)

, ) . . iginal
and (b) shows the resist patterns of a triangular lattice with 322;;‘,’:‘
500-nm pitch and 300-nm holes. Fig. 5(d) shows a photonic on mask

crystal waveguide with 460-nm pitch and 280-nm holes together
with a narrow incoupling waveguide. Only for the extremely
dense(radius/pitch > 0.4) holes the resist between the holes
is broken down. This is mainly due to the strong effect of side-
lobes from the hole’s image in the resist. An example is given
in Fig. 5(c).

after optical
lith h
VI. LITHOGRAPHY ISSUES rhography
Although these first experiments are promising for the fabri-
cation of photonic ICs with deep UV lithography, there are some
issues that need to be addressed. A common problem in dense
structures is proximity effects: the shape and size of a structure
is changed with the presence or absence of a neighboring struc- f:c;)rrected
ture. Secondly, the various structures on photonic ICs each re- design for
quire different lithography conditions to print on target. new mask

A. Optical Proximity Effects

Pitch

(a)

(b)

resist pattern

(b)

J (@

Fig. 5. Resist patterns of superdense holes in a triangular lattice. (a), (b)
500 nm, hole diameter = 300 nm. (c) Pitch = 500 nm,

Hole Diameter = 430 nm, resist channeling between holes. (d) Photonic
stal waveguidePitch = 460 nm, Hole diameter = 280 nm.

1) Principle: Photonic crystals are superdense periodigy 6 Exaggerated illustration of OPEs. Although the holes on the reticle are
structures with feature sizes close to the illumination wavel of the same size (a), the holes in the bulk of the lattice print different than

Iength. This causes neighboring holes to interfere with eatg holes near the waveguide (b), so to correct for this OPC should be added to

other during lithography. Because of this, holes in a photonlce
crystal may interfere constructively and print larger or interfere

mask (c).

destructively and print smaller than solitary holes. In uniform To correct for OPE, the features on the mask should be al-
lattices, this effect is not noticeable, as the illumination energgred. This is illustrated in Fig. 6. Holes near a lattice defect are
will be chosen to print the holes in the lattice on targeprinted smaller and are, therefore, enlarged on the mask. It is
However, at the boundaries of the lattice, or near defects likgident that a good understanding of the OPE is necessary to
a waveguide or cavity, some holes lack neighbors and wilesign the structures with optical proximity correction (OPC).
therefore print differently than their counterparts in the bulk of 2) Effect in Superdense LatticeShe denser the structures
the lattice. This phenomenon is described as optical proximiyd the smaller the pitch, the stronger the optical proximity ef-
effects (OPE). fects become. Fig. 7 shows the optical proximity effects for a
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. ) . . _Fig. 8. Measurements of line-hole bias. Resist line width as a function of
Fig. 7. Measurement of OPEs: 530 nm pitch. Although not noticeable on fir ésign line width of a narrow line when printed at the dose-to-target of a

sight, the holes in the corners are 70 nm smaller than the holes in the bulk of e e qense triangular lattice (500-nm pitch, 300-nm hole size). The dashed
lattice. line indicates features printed on target.

lattice with a relatively large pitch of 530 nm, but with holes tarLithography and etching experiments with photonic crystals in

geted at 420 nm. In this case, border holes print 40 nm Smfilé‘ﬁfcon-on—insulator showed well-defined holes with very little
than the hole in the bulk, while the hole in the inner corner pnnEcdge roughness

70 nm smaller. i ) ) _ However, because photonic integrated circuits often contain
Because the functionality of most photonic crystals is detqfsay reg with a variety of geometries, and features unlike any
mined by the defects like waveguides and cavities, the contfgg

: ) : tures used in CMOS, processing rules valid for a CMOS
of the hole size near the defects is of the UtmOst IMportancgy ot res cannot be applied in a straightforward way. Addition-
Therefore, the new mask structures were included to study

. X ; ! ) fy different features requiring different exposure conditions

effect of OPE in photonic cry_stals in more detail and determ'%‘?‘uould be biased on the mask to print on target together.

the necessary OPC for a variety of situations. The dense nature of photonic crystals also gives rise to op-

tical proximity effects. Interference between the images of the

individual holes changes the size of the holes. Due to this, holes
A difference between CMOS structures and PICs is that fiat lack one or more neighbors will print different. To correct

CMOS lithography, structures on a mask are always very sifigy this, optical proximity corrections should be applied on the

ilar. Contact holes are never printed in the same step as lingmsk at the design stage.

Therefore, the lithography process can be tailored for each typesymmarized, we can say that deep UV lithography is a good

of structures individually. For many PICs, most structures witkgndidate to provide mass-manufacturing capabilities to the

very different geometries are on the same level of the chip, ap@rid of ultracompact photonic ICs.

are preferably printed together. This is no problem for com-
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