Sculpturing of photonic crystals by ion
beam lithography: towards complete
photonic bandgap at visible wavelengths

Saulius Juodkazis,* Lorenzo Rosa,' Sven Bauerdick,” Lloyd Peto,’
Ramy El-Ganainy,’ and Sajeev John>*
! Centre for Micro-Photonics, Faculty of Engineering and Industrial Sciences Swinburne
University of Technology, Hawthorn, VIC, 3122, Australia
2Raith GmbH, Konrad-Adenauer-Allee, 8 - PHOENIX West 44263 Dortmund, Germany
3 Department of Physics, University of Toronto, Toronto, Ontario M5S 1A7, Canada
4 John @ physics.utoronto.ca

*SJuodkazis @swin.edu.au

Abstract: Three dimensional (3D) ion beam lithography (IBL) is used to
directly pattern 3D photonic crystal (PhC) structures in crystalline titania.
The process is maskless and direct write. The slanted pore 3D structures
with pore diameters of 100 nm having aspect ratio of 8 were formed. It
is shown that chemical enhancement of titania removal up to 5.2 times
is possible in XeF, gas for the closest nozzle-to-sample distance; the
enhancement was ~ 1.5 times for the actual 3D patterning due to a sample
tilt. Tolerances of structural parameters and optimization of IBL processing
required for the fabrication of PhCs with full photonic bandgap in visible
spectral range in rutile are outlined. Application potential of 3D-IBL is
discussed.
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1. Introduction

The concept of photonic crystal (PhC) [1,2] has impacted number of fields in optics and beyond.
Namely, the thresholdless lasing, bend-unrestricted waveguiding, control of black-body emis-
sion, all optical control of light propagation via optical nonlinearities were considered [3, 4].
Control of light absorption and emission by engineering photon density of states via periodic
modifications of dielectric properties of material is at the core of a PhCs concept. Technical
challenges are mounting for three-dimensional (3D) structuring of materials at sub-micrometer
resolution [5]. Lithography based approach relies on 2D processing and usually requires multi-
step procedures for fabrication of 3D micro-objects. It becomes increasingly difficult to fulfill
high tolerances required for fabrication of PhCs operational at the visible spectral range [6, 7].
PhCs with full photonic bandgap (PBG) were demonstrated in near-IR at the telecommuni-
cation and longer wavelengths [8, 9]; recently lasing in 3D-PhC with a full PBG has been
reported [10]. However, there are still no demonstrations of full PBG at the visible spectral
range. In nature, opals and butterfly wings are probably the most known examples of larger
area/volume structures where a 3D arrangement of materials with feature size of 100-200 nm
delivers control over green-red visible spectral range. Yet this remains a challenging task for
modern technology.

Earlier attempts to find scalable methods to fabricate 3D PhCs for near-IR and visible spec-
tral range were based on complex multi-step approaches of laser photo-polymerization of a
PhC template with subsequent inversion into a high refractive material [11,12], a LIGA (X-ray
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Fig. 1. (a) Slanted-pore SP2<1) square structure [19]; ends of the arrows are on the depth
¢ from surface. For the full photonic bandgap at 633 nm in TiO,-rutile: a = 260 nm, ¢ =
1.4a =363 nm, r = 0.31a = 80.6 nm. (b) The “drilling map” on the (001)-plane of rutile
with the angle to normal o = arctan(av/2/c) = 45.3°. The circles mark diameters of the
holes. (¢) The unit cell.

Lithographic Galvanoformung and Abformung) based processing of thick PMMA films [13],
and a combined photo-electrochemical etching of silicon with a direct write using a focused
ion beam (FIB) [14]. Recently, a titania woodpile structure was fabricated with cell dimen-
sions approaching those required for opening a complete photonic bandgap (PBG) at visible
wavelengths (namely, a period of 250 nm with 70-nm-wide titania rods) using layer-by-layer
fabrication with electron beam lithography (EBL), deposition, and plasma etching [15]. The
template - inversion route is challenging due to severe constrains on mechanical strength of the
structure [16] to maintain its integrity over several thermal and wet-bath chemical processing
steps [17]. Even though single 3D features of few-tens-of-nm can be polymerized by femtosec-
ond (fs)-laser direct write [18], PhC templates with periods ~ 0.3 um are still challenging to
obtain with photopolymer volume fraction of ~ 0.3 required for a complete PBG after double
inversion; it is noteworthy that use of critical point dryer after a wet-bath development allows
recovery of 3D templates with ~ 1.5 times smaller feature sizes. As for the standard LIGA and
FIB approaches for material structuring with the required 100-200 nm resolution, it is at the
limit of the current state-of-the-art. Higher resolution tools of material structuring with high
efficiency are required to find new methods for reliable fabrication of 3D photonic structures at
the visible spectral range of 0.4-0.8 um wavelengths.

Here, we demonstrate a 3D ion beam lithography (IBL) approach in fabrication of a 3D PhC
slanted-pore SP; structure [19], which has a wide and robust PBG, by a simple two-step direct
write processing of rutile crystalline TiO,. Geometry of the unit cell is chosen for the PBG at
visible wavelengths. The fabrication technique does not require time and material consuming
steps of resist and mask coatings with subsequent wet or dry processing. The direct pattern-
ing approach by Ga-ions is used to sculpture 3D PhC out of the crystal with resolution of
tens-of-nanometers. Capability of of direct write at arbitrary angle in 3D mode is a distinctive
feature of 3D-IBL. It is shown that, by using XeF, gas, enhancement of titania rutile etching
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Fig. 2. (a) Photonic bands (grey) and gap (white) in terms of the normalized frequency,
o, = wa/(27c). The marker representing parameters of the designed structure. Inset shows

the slanted pore SPg1> PhC. (b) The width of the bandgap, Aw/® (%), vs the air filling

factor of the SP(21> structure for the dielectric constant of € = 7.4 (TiO,-rutile). (¢c) Width
of PBG vs the pore radius normalized to the period a.

up to 5 times is achieved and is beneficial for high-aspect formation of pores. We discuss how
the demonstrated high-aspect-ratio pore patterning in titania can be further improved by intro-
ducing trepanning and a concentric out-wards scanning of strongly focused ion beam during
milling together with optimization of the dose and chemical enhancement. Hence, making the
fabrication of PhC with full PBG at the visible spectral range feasible.

2. Design

The slanted-pore PhC structure [19] is chosen for its simplicity and its wide and robust photonic
bandgap. The square SPZ(I) =5/[1,1]® [~1,—-1]030) design [19] is shown in Fig. 1, where
according to the nomenclature the drilling directions are opposite and shifted along vector a;
by a half of the period a, hence, (059 "Over the period ¢ in axial direction the pores travel
sideways by one lateral period a; hence, the [1,1] ® [ 1, —1] notation for two opposite drilling
directions.

The sample of TiO;-rutile used in this study has a refractive index n ~ 2.7 (the dielec-
tric constant €700 = ((2n, +1.)/3)? = ((2 x 2.621 +2.919)/3)? ~2.72> = 7.4 at 579.1 nm)
through the visible-to-IR spectral range with fundamental absorption edge at E, = 3.127 eV
(Aum] = 1.23976/E¢[eV] = 0.396 pm) [20].

The dependence of PBG and its width on the air filling factor and pore radius are calculated
for the lossless € = 7.4 material (Fig. 2). The plots are obtained using plane wave expansion
technique (PWE). In this method the periodic refractive index is decomposed into its Fourier
components and the Floquet Bloch modes are projected onto truncated plane wave basis, thus
mapping the infinite dimensional Maxwell’s equation for the band structure into a finite linear
eigenvalue problem. The matrix equation is then solved numerically to yield the eigenvalues
and eigenfunction solutions. In order to obtain the optimum design parameters, simulations
were repeated for different pore radii or equivalently volume filling factors. The square lattice
period, a, is related to the normalized frequency, @, = wa/(27c), which corresponds to the
middle PBG position of @, ~ 0.41 (marker in Fig. 2(a)) as a = @, x Ay, here Ay is the vacuum
wavelength. For the full photonic bandgap at the red wavelength of He-Ne laser Ay = 633 nm in
TiO; the lateral period is a ~ 260 nm and the axial period ¢ = 1.4a ~ 363 nm. The radius of the
pore r = 0.31a = 80.6 nm for the PBG of ~ 11.5% [19]. This choice of parameters is robust in
terms of slight deviations of the holes’ radius and volume fraction (see, (b,c)). Removal of up
to 70% of sample’s volume is experimentally challenging; in case of a 1D PhC with refractive
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1200 nm

Fig. 3. Scanning ion microscopy images of the FIB cross section of a PhC structure af-
ter one (a) and two (b) directional pore recording; (c) is a closeup view of (b). Sample is
at a 7w/4 tilt angle; designed pore radius r = 40 nm (the actual radius ~ 50 nm). The ar-
rows depict direction of FIB processing, dashed-lines in (a) and (c) demarcate the TiO,-W
boundary, and d is the depth of the structure. Note, the cross section in (a) is not centered
at the pores; partial filling of pores by W is observed close to the surface (c).

index n of solid part in air, the optimum solid volume fraction to create the largest PBG is

(1/2n).
3. Samples and methods

The samples of TiO,-rutile (Shinkosha, Ltd.) were used for the 3D patterning by Ga-ions (Raith
ionLiNE). Chemical enhancement of titania removal is tested using a XeF, gas. For cross sec-
tioning of 3D patterns of slanted pores, a standard over-top deposition of tungsten from a
W(CO)¢ precursor was implemented before ion slicing. Samples were directly imaged using
secondary electron emission from surface scanned by ion beam, the scanning ion microscopy
(SIM), at low current to avoid surface removal.

Transmission spectra for the finite size PhCs were simulated using finite difference time
domain (FDTD) program Lumerical. The model of the structure was constructed by stacking
PhC unit cells as in Fig. 1(c) in the z-direction up to the desired slab height. The material
was modeled by using the experimental dielectric functions available in literature [21]. The
crystal was illuminated by a plane-wave source delimited by periodic boundary conditions in
the normal incidence case, and Bloch boundary conditions were employed for determining the
angular transmission spectra while tilting the source incidence angle in the x-direction. As the
Bloch boundary conditions are tuned for a constant value of the transverse k-vector k, this,
for broadband time-domain simulations, involves a wavelength dependency of the incidence
angle 6 = arcsin(Aky/27n). Thus, simulations are performed for constant k, and the results are
interpolated for constant 6. Simulation time is around 15 minutes for a 5 ps broadband pulse
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Fig. 4. Length of channel at different diameters, 2r, measured by cross sectioning and
imaging with the scanning ion microscopy; lines are eye guides.

propagation time.

4. Results and discussion
4.1. 3D sculpturing of rutile by direct write

Ga-ion patterning by IBL is used for fabrication of 3D slanted-pore PhC structure consisting of
holes drilled into TiO, substrate at angle o = arctan(av/2/c) ~ 45.3° to the surface normal by a
circular scan of the ion beam. The resolution of ion-beam patterning was approximately 10 nm

entitling to fabricate 3D structures. The resulting structure is a realization of SPZ(I) shown in
Fig. 1. Parameters of the structure are chosen for the PBG to be at the 633 nm wavelength which
is longer than the fundamental absorption of rutile at approximately ~ 396 nm. Visualization
of the unit cell of the 3D PhC structure is shown in the inset of Fig. 2(a).

The SPz(l) structure was directly recorded in TiO;-rutile with (001) face-plane (see, Fig. 1)
with the parameters as close as possible to those required for an opening of the full photonic
bandgap: a = 260 nm, ¢ = 363 nm, r = 80 nm (radius). The angle to normal of each pore is
o =45.3°.

Figure 3 shows SIM images of the cross-sectioned structure revealing the slanted pore pat-
tern. The period of the structure is @ = 260 nm with pore radius of 40 nm, which is smaller
than r = 0.31a = 80.6 nm required for the PBG opening. When the edges of the neighboring
pores begin to overlap at larger radius of the pores, a strong etching of the previously drilled
pore’s edge occurs; up to three times faster ion milling of the edge takes place as compared
with drilling of far-separated pores on in the bulk. Hence, overlapping of pores was avoided in
the first experiments and the designed pore radii of 40 and 50 nm were used instead (note, the
radii of the actual fabricated pores was up to 20% larger as compared with the design values).
A strategy of fabricating overlapping pores of the required radius will be outlined below.

The depth of the fabricated structure, d, is directly measured at the /4-tilted view. Then
the actual length of the pore is / = 2d accounting for an additional 7 /4 tilt in the plane of
cross section. The pores formed at the first tilt were closely following the designed pattern
(Fig. 3), however, for the second tilted drilling the proximity of already formed pores caused
charging and gradual misalignment of the pattern as recording progressed (see slight change of
the pattern recognizable in panels (b,c)). Fortunately, the same designed depth of the pores was
achieved. In this fabrication no anti-charging measures were taken.

Figure 4 shows that the aspect ratio f, = [/(2r) reaches value of f,, ~ 8 for the 100-nm-
diameter pores. At this value the the length of the channel was already saturated. To make
channels longer chemical enhancement by XeF, gas is a common practice, e.g., in an etching
resistant sapphire the enhancement of ion milling up to 2 times has been reported [22]. To
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Ga' + XeF,

Fig. 5. Chemical enhancement of ion processing of titania. Scanning ion microscopy im-
ages of the TiO; surface processed without (region (/); as in Fig. 3) and with (region (2,3))
chemical enhancement provided by the XeF; gas. The region (3) corresponds to a ~ 1 mm
nozzle (of XeF;) distance to the substrate as in the actual tilted drilling shown in Fig. 3.

test a possibility and quantify etching speed changes due to the chemical enhancement, a large
area pit fabrication was performed by Ga-ion beam on titania. Figure 5 shows the actual 5.2
times enhancement observed due to the gas addition (the depth of the region (2) vs (1)). The
region (3) corresponds to the nozzle-to-substrate distance as in the actual fabrication of patterns
shown in Fig. 3 with enhancement of 1.5 times due to larger separation between the nozzle and
a tilted sample. Hence, for fabrication of deeper pores the chemical enhancement can be used.
An optimization of the pore formation protocol under conditions of chemical enhancement,
however, needs to be developed since the enhancement affects the pore’s diameter and speed
of the edge milling in a nonlinear fashion, i.e., the low intensity wings of the ion beam causes
strong etching and loss of a pointing precision of milling, while, at the center of the beam, there
is saturation of etching speed.

Figure 6 shows simulated transmission spectra, 7', for the SPS) PhC with pores of different
diameters and lengths. The structure with » = 50 nm (as in our experiments) and with the pore
length of / = 1.5 yum shows a strong 14.7 dB rejection at the normal incidence. This particular
length is chosen as a practically achievable one. Indeed, at the already obtained aspect ratio,
far = 8, and chemical enhancement of 1.5 (see, region (3) vs (/) in Fig. 5) for the required
diameter 27 = 160 nm, one would obtain the length estimate [ = 1.5 x 2r X f; ~ 1.9 um. The
stop band is centered at the edge of optical spectral range with center wavelength of 800 nm
(Fig. 6(a)). For a shorter pore length (see, (b)) the stop gap is less prominent and disappears

g i

§ 050

5]

£

5 025

[} L

i)

IS

© Nl o nnnflonnnflonnnllnnnnlilod badententnnd 0.00

= 06 07 08 09 1.0 05 06 07 0.8 09 1.0 06 07 08 09
Wavelength (um) Wavelength (um) Wavelength (um)

Fig. 6. FDTD simulated transmission spectra at normal incidence for different pore radii,

r, of slanted pore SP<21) PhC with the pore length: / = 1.5 um (a) and 1 um (b). The insets

shows the SPgl) structure of the volume fraction required for the full photonic bandgap
at r = 80 nm. (c) Angular transmission spectra for the r = 80 nm and / = 1.5 pum-thick
structure. Angle of incidence, ©, polarization is linear.
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Fig. 7. Scanning ion microscopy images of a SPgl) PhC pattern using an anti-charging
coating (~ 10 nm of Pt). The top- (at corners) and tilted-view (two at the sides) markers
facilitate precise toggling between +7 /4 (the left marker) and —7 /4 (right) to the normal
in a multi-step hole drilling using trepanning and concentric scans.

more rapidly as volume fraction of air decreases.

4.2.  Tolerances of structure parameters

Up to now, the proof-of-the-principle demonstration of the 3D PBG formation is achieved in
Si [23] and GaAs [24] at 1.5 um wavelength. The aspect ratio, f, = dﬁ;ﬁgf; —, of the slanted
pores was ~ 10 for the omnidirectional photonic band to be experimentally validated [23].

For the our SP2(1> structure with diameter 2r = 160 nm and ¢ = 363 nm, the PBG at 633 nm
assuming the same f,, = 10 would require just three axial periods of the structure: f,, x 2r/(c x
cos(o) ') ~3.1.

Numerical simulations of transmission, 7', spectra (Fig. 6) show that for a slightly smaller
aspect ratio of pores (5-6) the stop gap disappears. The angular dependence of the PBG in
a l = 1.5 um-thick slab of the unit cell and volume fraction required for the complete PBG
(Fig. 6(c)) shows the band narrowing within an envelope of PBG rather than a strong spectral
shift as would be expected for incomplete PBG. PhC structures of larger thickness have to be
fabricated for the actual optical characterization.

The SP; structure gives more flexibility to create a larger PBG since the air rods can actually
overlap, whereas the TiO; rods of the woodpile [15] can at most touch but cannot overlap. Also
the quality of crystalline TiO; is likely better and the refractive index is higher as compared
with sputtered/evaporated titania films n = 2.3 [15].

4.3.  Scaling prospects for large area nano-patterning

In this study, we used the maximum radius of » = 50 nm when the pores are at the limit of
overlap. Since drilling of the required diameter holes in a single step causes strong pattern
alterations due to excessive charging and preferential pore’s edge milling, a multi-step drilling
of pores with a gradually increasing diameter should be exercised for the functional patterns.
Also, a trepanning with concentric out-wards scanning of a strongly focused ion beam during
milling together with optimization of the dose, however, it requires the outmost stability of
sample positioning and movement control. An exact protocol for removal of up to 70% of
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titania in a well controlled way is yet to be established. However, it is obvious that pores should
be made in several consequential drilling steps.

To facilitate a repeated drilling of pores, toggling of sample is required. Markers at the top-
and tilted-view are used to optimize sample positioning (Fig. 7). Such markers allow to toggle
and set sample with precision +10 nm. The size of a structure required for the optical charac-
terization is 60 x 60 holes (or ~ 15 x 15 um?) area drilled to a ~ 2 ym depth. The time required
for a single pore milling is few seconds, hence, time required for a large area sample for op-
tical characterization would take several hours. For the larger pore diameters the aspect ratio
is expected to increase (see, Fig. 4) even without chemical enhancement. It is noteworthy, that
high-vacuum conditions of ~ 10~7 bar were essential to obtain deep pores without apparent
material redeposition.

Metal or anti-charging coating must be used to fabricate large areas with tens-of-{m in cross
section for optical characterization. No changes of a pattern geometry were observed during
ion fabrication over a 10-nm-platinum coated substrate as illustrated on a smaller area in Fig. 7.

The achieved aspect ratio of ~ 10 is already enough for the proof-of-the-principle demon-
stration and improves upon earlier demonstration of Si milling by FIB [14]. Moreover, the
SPj3 structure used in previous experiments [14] is more complex to fabricate and has narrower
bandgap as compared with the SP; structure demonstrated here by a two-step milling approach.

5. Conclusions

Ion beam direct writing is proposed as a tool to form PhC structures with the feature sizes re-
quired for functionality at the visible spectral range. The maskless direct write approach using
IBL enters a promising parameter space of 100 nm feature size required for precise control
of functionality of PhC structures at visible wavelengths. Numerical modeling of the fabrica-
tion tolerances in terms of pore radius and structure thickness demonstrates potential of high-
resolution 3D-IBL in the field of photonic applications. Implementing anti-charging coating
and fabricating pores with increasing diameter in several runs is expected to deliver required
quality of the 3D PhC needed for demonstration of full PBG at the visible wavelengths. PhCs
have important practical applications in confining light on an optical micro-chip for all-optical
information processing, in trapping and absorbing light in thin films for efficient solar energy
harvesting, and novel light emitters, to mention a few [25-27].
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