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ABSTRACT
GaN light emitting diodes (LEDs) on sapphire substrates can be improved by micro-patterning substrate to
perform epitaxial over-growth which drastically reduces defects’ density in the light emitting region. We patterned
Al2 O3 with focused ion beam and show a successful overgrowth of GaN. The exact shape of pattern milled
into Al2 O3 was replicated into a 0.4-mm-thick shim of Ni by electroplating. The surface roughness of Ni was
∼ 5.5 ± 2 nm and is applicable for the most demanding replication of nano-rough surfaces. This technique can
be used to replicate flat micro-optical elements Fresnel-axicons defined by electron beam lithography made on
sub-1 mm areas without stitching errors (Raith EBL). Shimming of macro-optical elements such as car backreflectors is also demonstrated. Ni-shimming opens possibility to make replicas of nano-textured small and large
area patterns and use them for thermal embossing and molding of optically-functionalized micro-fluidic chips
and macro-optical elements.
Keywords: Focussed ion beam, light emitting diode, low temperature-GaN, micro-optics, fraxicon, shimming,
nano-textured surfaces

1. INTRODUCTION
Applications of optical surfaces demand high quality of finish with roughness below λ/20 (wavelength/20) on large
areas and curved surfaces. For refractive and diffractive optical elements the period, step height and sharpness
of the features are all very important and have to be made with high precision and fidelity. When micro-optics
is down scaled to sub-wavelength dimensions the requirements for precision become even more stringent for
micro-optical and plasmonic optical circuitry. Such optical elements cannot be polished and post-processed
which is even more complicated for hybrid refractive-diffractive elements, photonic crystal, and vortex beam
applications.1–8 Such optical elements have potential applications in opto-/micro-fluidic chips and sensing.9–13
Focused ion beam was used to create patterns of grooves of sub-15 nm width on nanoparticles of subwavelength size.14 Shimming (replicating the surface features by electroplating) such nano-3D relief structures is
promising for creation of substrates for surface enhanced Raman scattering. Shims of nano-patterns made in Ni
further reduces costs as compared with nano-imprint which is a material specific technique. The demonstrated
shimming of (micro-)optical elements, micro-patches for epitaxial overgrowth, an nano-patterned surfaces into a
Ni film facilitates new applications in micro-opto-fluidics. It can also be potentially used or large area fabrication
of gratings and retro-reflectors.
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Figure 1. SEM images of Al2 O3 substrate with Ga-ion milled patterns for GaN overgrowth experiments: (a) 1 µm size
squares separated by 5 µm size gap, (b) 1 µm size squares separated by 1 µm size gap and (c) 2 µm size squares separated
by 1 µm size gap. Scalebars are 10 µm for (a), 7 µm for (b) and (c).

Here, we demonstrate: (i) high-precision nano-structuring of sapphire substrates which were used subsequently for GaN-based blue-LED growth, (ii) replication of nano-features from sapphire substrate to Ni-shim,
(iii) formation of planar micro-optical element - Fresnel axicon (fraxicon), (iv) formation of Ni shims for macrooptical devices - car back-light patterns made directly from plastic lamp as well as from Ni-galvanic stamp, (v)
GaN overgrowth of nano-fabricated pits.

2. EXPERIMENTAL: SAMPLES AND PROCEDURES
2.1 Electron and ion beam based lithography
Raith electron and ion beam lithography (EBL & IBL) units Raith 150TWO and IonLiNE, respectively, were
used to design patterns of micro-optical elements and mill nano-grooves and trenches for GaN regrowth Fig. 1.
Indium-Tin-Oxide (ITO) coated borosilicate plates were used as the substrate and PMMA (Microchem) as
the resist for fabrication of fraxicons. PMMA was spin coated on to the substrate with HMDS prime layer to
improve adhesion between the substrate and the resist. A resist height of 630 nm (λ/2(nr − 1)) was used to have
maximum efficiency. The processes were optimized to have a resist thickness error of < 1%. The fraxicons were
fabricated with electron beam direct writing with a dose of 50 µC/cm2 . The exposure time was 40 minutes for a
fraxicon of diameter 2 mm. The system was operated at 10 kV acceleration voltage, 30 µm aperture and 15 mm
working distance.

2.2 Shimming of nano-/macro-textured surfaces into Ni molds
Electrochemical Ni deposition was made with SA/1m (Digital Matrix) setup capable to electroplate up to 8inch areas. Deposition rate was comparatively slow to make stress free films of good structural quality at a
1.15 µm/min rate. Initial 100-nm-thick layer of Ni was sputter-coated (Nanochrome, Intlvac) on a cleaned
sapphire wafer before electro-plating. Silver paste contacts were added at the location where there was a rim of
the tape used to immobilize the workpiece and a uniform Ni film. This ensured an uniform and high electrical
conductivity over all the area.
Ni shims were taken from plastic as well as Ni-master stamp of the back reflectors following exactly the
same procedure. The shimmed Ni film was released from the original without observable mirror surface deterioration. Then PDMS copies were made via standard oven polymerization of silicone. For the replication into
polycarbonate (PC), a hot embossing tool EVG520HE (EVG) was used.
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Figure 2. SEM images of Al2 O3 substrate with Ga-ion milled patterns and their Ni-replicas shimmed into Ni: (a) grating,
circular (b) and square (c) holes, and (d) close up image of the Ni-replica of a hole pattern. Scalebars are 10 µm for (a),
1 µm for (b) and (c) and 200 nm for (d).

2.3 Overgrowth of GaN on a surface-structured sapphire
GaN was grown by using MOCVD method in a low-pressure 3 × 2-inch closed-coupled showerhead reactor
(Aixtron Ltd.). Trimethylgallium (TMGa) and ammonia were used as Ga and N sources, respectively. H2 was
an ambient and carrier gas. The growth was performed using standard low temperature (530◦ C) GaN buffer and
high temperature (1075◦ C) GaN layer procedure. Input TMGa flow rate ∼0.15 mmol/min, III/V ratio ∼2400
and reactor pressure of 150 mBar.

3. RESULTS
In the following sections we show Ga-ion milling of sapphire substrates with high resolution. Ni-shimming was
used to inspect nano-roughness of the milled pits. The same Ni copies can be made of different micro- and
macro-optical devices with high sub-10 nm precision. The Ni-replicas then are used to make copies of the optical
elements.

3.1 Micro squares made in Al2 O3
Figure 1 shows an array of micron-sized squares milled into Al2 O3 wafer using IBL. There were great variety
of patterns, aspect ratio and spacing ranging from 1:1 to 1:20, milled into double side polished 3-inch sapphire
wafer (SHINKOSHA Co.,Ltd.). Sapphire wafer was gold magnetron sputter-coated (AXXIS, Kurt J. Lesker
Ltd)) with 20 nm layer for surface charge removal; ion milling fabrication would also be possible without a
conductive coating.15

3.2 Ni shim of nano-features made in Al2 O3
Figure 2 shows originals and Ni replicas of patterns milled by IBL into Al2 O3 substrate. The bottom of the
Ga-ion milled pits were flat as can be judged from the surface of the Ni-inverted replica shown in Fig. 2(d). The
surface roughness of Ni was ∼ 5.5 ± 2 nm.
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Phase profile

Figure 3. This figure shows the phase profile of the diffractive fraxicon with respect to its radial distance ρ. The blazed
triangular part represents the Fresnel version of a conventional axicon. The squares (red regions in the online version)
represent the binarized element that will be fabricated. The period in both cases is Λ.

Figure 4. (a) SEM image of the central part of a fraxicon (b) Image of the Bessel like beam generated within the focal
depth of the fraxicon (c) Ring pattern formed in the far field

3.3 Fresnel-axicon fabrication and characterization
An axicon is a radially symmetric prism that converts an incident Gaussian beam into a Bessel like beam. The
Fresnel version of an axicon is called a fraxicon. If the period of a fraxicon is of the order of the wavelength then
it is called a diffractive fraxicon. Figure 3 shows the Fresnel version of the fraxicon and its binary equivalent.
The period of the structure is Λ and thickness is t.
The base angle of the fraxicon (equivalent to an axicon’s base angle) can therefore, be represented by
arctan(t/Λ). The fraxicon was designed in a such way that it’s thickness t has a phase value of 2π for the
wavelength of interest, λ. The intensity profile of the quasi-Bessel type beam generated by a fraxicon for a
parallel Gaussian beam input is given by:16
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where k = 2πc/λ , nr is the refractive index of the material, w0 is the 1/e2 radius of the incident parallel beam
and J0 is the zero order Bessel function. In the far field, the diffraction pattern is a ring.
Figure 4(a) is a SEM microscope picture of a fraxicon fabricated using Raith150TWO EBL system. The
element was illuminated with a diode laser with a wavelength of 635 nm. The Bessel beam generated within its
focal depth is shown in Fig. 4(b) and the ring pattern formed in the far field, is presented in panel (c).

3.4 Shimming of car back reflectors
Replication of macro-optical objects is demonstrated by creating a corner cube reflector in PDMS and polycarbonate plastics in Fig. 5. First, metal stamp (used in injection molding apparatus to create reflectors for car’s
rear lamps) was replicated in 0.4 µm-thick nickel film. Then, nickel replica was over-filled with liquid PDMS
polymer (Dow Corning) and cured at 80 ◦ C for two hours. The PDMS replica is flexible and can be made of a
desired thickness with applications, e.g., in safety reflectors on clothing or other fabric.
Another method was used for a corner cube reflector replication by hot-embossing. Ni-replica was made into
a 3 mm-thick polycarbonate disk after it was heated above the glass transition temperature (Tg = 147◦ C) in
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Figure 5. (a) Original plastic piece of a back reflector lamp from automobile (top) and original Ni stamp used in lamp
manufacture (bottom), (b) original Ni stamp used in lamp manufacture placed in plastic holder for Ni sputter coating,
(c) 100 nm Ni-coated original Ni stamp placed in shimming tool, (d) replicated surface of a stamp (Ni-replica) glued to
Ni base holder, (e) low-temperature cured PDMS copy of Ni-replica, (f) hot-embossed polycarbonate copy of Ni-replica.
Samples of back reflectors were provided by Hella Australia Pty Ltd.

vacuum environment to facilitate good surface reflow at the plastic - Ni interface. More detailed studies are
required for determination of replication quality after repeated embossing. Usually several Ni shims are made
from original since this step has the best replication fidelity.

3.5 GaN overgrowth of ion-milled pits on sapphire
The pattern of grooves and square pits of different side lengths and depth made on sapphire (Fig. 1) were
overgrown by a 2.1-µm-thick GaN layer. The pipe defects which are damaging for the LED applications are
formed in the most mis-matched interface between sapphire and GaN. They are mainly gathered in the buffer
layer, however on a flat sapphire grown GaN they protrude into the GaN layer and are responsible for the
luminescence at longer wavelength.17–20 By surface texturing of sapphire, an overgrowth of GaN and the pipe
defects, which are screw dislocations, can be controlled. The step c/2 along the growth direction which starts
at one pipe ends at the other pipe.18 By creation of rough surfaces on which differently oriented crystallites of
GaN are growing, it is possible to create defect-clear areas.
First, we used laser ablated grooves made by ps-laser scan for GaN overgrowth. The ablation grooves were
∼ 2.5 µm deep. The rough and tapered side walls of the grooves favored defect formation and their development
at strongly tilted angles (see, Fig. 6(a)). As GaN layer is growing a flat plane is finally formed at ∼ 2.5 µm
height. The surface flattening occurs naturally due to the fastest growth along c-axis.
The second strategy was to mill groove pattern with Ga-ions. In this case perfect surface was formed at
∼ 2 µm height. The overgrowth regions can only be barely recognized under an optical microscope observation
(see, Fig. 6(b)). Fluorescence studies from those regions are now under investigation.
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Figure 6. (a) SEM images of ps-laser ablated groove overgrown by ∼ 2 µm of GaN. Formation of polycrystalline layers rich
of defects is leveled at approximately ∼ 1 µm height. (b) Photo images of GaN overgrown over Ga-ion milled patterns.
Note, no surface roughness was observed by AFM nor SEM above the processed areas.

4. DISCUSSION
Creation of planar micro-optics is a future trend of miniaturization. It is convincingly demonstrated that by
light amplitude and phase control on a single plane with plasmonic nano-patterns a far field pattern can be fully
controlled.21 This is direct concept of Huygens principle in optics. We recently demonstrated that nano-grooves
milled into Au-film can be used to arbitrary shape the wave front and to create optical vortices of different
topological charges ls 22 unamenable earlier.
Fabrication of flat diffractive optical elements such as fraxicons can be formed and placed on micro-optical
elements. Formation of micro-optical patterns directly into the sapphire substrate before or after GaN-based LED
structures is another less explored avenue of research which can be promising for opto-fluidic and opto-plasmonic
applications. Milling sapphire by Ga-ions and growing GaN over Ga-enriched regions has to be investigated
further as this might provide additional tools to control the defect formation and their reduction. Control of
GaN via doping and composition such as InGaN and AlGaN alloys is promising for solar cell applications where
absorption over a broader Sun’s spectrum helps to increase the efficiency.23
Femtosecond laser fabrication can prove yet another promising direction of surface nano-micro structuring
and direct write of optical elements such as gratings, light extraction patterns - ripples directly on the substrate
or to form 3D patterns such as photonic crystals, microoptical elements, etc.4, 24–40 Combination of microoptical elements with lab-on-a-chip and nano-/micro laser tweezers applications is an evolving miniaturization
trend.9–11, 13, 41–44 Recent advances in focussed ion beam milling over large areas with sub-millimeter cross
sections without stitching errors and removal of charging effects for the fast and high accuracy fabrication14 adds
new tools to make plasmonic nano-optical elements for control light at nanoscale.12, 45–56 The same fixed-beam
moving stage approach which solves the stitching error problem in ion milling was used here to make fraxicon
lens.
Replication of complex nano-textured surfaces such as plasma10 or electrochemically roughened surfaces57, 58
of Si of other electrodes59, 60 into Ni should be possible since Ni-sputtering creates conformal coating with
nanoscale precision.
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5. CONCLUSIONS
Combination of EBL and IBL opens a way to create planar patterns of micro-optical elements and can be used
to create required textures to control epitaxial growth. The latter is critical for GaN-based LED structures since
the defects due to lattice mismatch with sapphire cause strong defect formation.
Planar character of micro-optical elements such as fraxicons is an inviting feature for replication. For that
we demonstrate Ni-shim performance which can deliver surface of optical quality.
Even more complex (3D) and larger patterns such as in car back reflectors were successfully replicated into
Ni and can be further used for further replication into plastic. This technology is applicable for mass production
of replicas from nano-smooth as well as nano-rough surfaces. We show here that replication of surfaces down to
∼ 5 nm feature size is achievable.
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[40] Juodkazis, S., Gaižauskas, E., Jarutis, V., Misawa, H., Matsuo, S., and Reif, J., “Optical third harmonic
generation during femtosecond pulse diffraction in Bragg grating,” J. Phys. D: Appl. Phys. 39, 50–53 (2006).
[41] Juodkazis, S., Mizeikis, V., Matsuo, S., Ueno, K., and Misawa, H., “Three-dimensional micro- and nanostructuring of materials by tightly focused laser radiation,” Bull. Chem. Soc. Jpn. 81(4), 411–448 (2008).
[42] Misawa, H. and Juodkazis, S., “Photophysics and photochemistry of a laser manipulated microparticle,”
Prog. Polym. Sci. 24, 665–697 (1999).
[43] Brasselet, E. and Juodkazis, S., “Optical angular manipulation of liquid crystal droplets in laser tweezers,”
J. of Nonlin. Opt. Phys. and Mat. 18(2), 167–194 (2009).
[44] Juodkazis, S., Mizeikis, V., and Misawa, H., “Three-dimensional microfabrication of materials by femtosecond lasers for photonics applications,” J. Appl. Phys. 106(5), 051101 (2009).
[45] Juodkazis, S. and Rosa, L., “Surface defect mediated electron hopping between nanoparticles separated by
a nano-gap,” physica status solidi - rapid research letters 4(10), 244–246 (2010).
[46] Rosa, L., Sun, K., Szymanska, J., Hudson, F. E., Dzurak, A., Linden, A., Bauerdick, S., Peto, L., and Juodkazis, S., “Tailoring spectral position and width of field enhancement by ion-beam trimming of plasmonic
nanoparticles,” physica status solidi - rapid research letters 4(10), 262 – 264 (2010).
[47] Rosa, L., Sun, K., Mizeikis, V., Bauerdick, S., Peto, L., and Juodkazis, S., “3d-tailored gold nanoparticles
for light field enhancement and harvesting over visible-ir spectral range,” J. Chem. Phys. C 115, 5251–5256
(2011).
[48] Juodkazis, S., Rosa, L., Bauerdick, S., Peto, L., El-Ganainy, R., and John, S., “Sculpturing of photonic
crystals by ion beam lithography: towards complete photonic bandgap at visible wavelength,” Opt. Express 19(7), 5802–5810 (2011).
[49] Poh, C.-H., Rosa, L., Juodkazis, S., and Dastoor, P., “FDTD modeling to enhance the performance of an
organic solar cell embedded with gold nanoparticles,” Opt. Mater. Express 1, 1326–1331 (2011).
[50] Rosa, L., Sun, K., and Juodkazis, S., “Serpinski fractal plasmonic nanoantennas,” physica status solidi rapid research letters 5(5-6), 175–177 (2011).
[51] Nishijima, Y., Rosa, L., and Juodkazis, S., “Surface plasmon resonances in periodic and random patterns
of gold nano-disks for broadband light harvesting,” Opt. Express 20(10), 11466–11477 (2012).
[52] Nishijima, Y., Nigorinuma, H., Rosa, L., and Juodkazis, S., “Selective enhancement of infrared absorption
with metal hole arrays,” Opt. Mat. Express 2(10), 1367–1377 (2012).
[53] Jayawardhana, S., Rosa, L., Buividas, R., Stoddart, P. R., and Juodkazis, S., “Light enhancement in
surface-enhanced Raman scattering at oblique incidence,” Photonic Sensors 2(3), 283–288 (2012).
[54] Nishijima, Y., Khurgin, J. B., Rosa, L., Fujiwara, H., and Juodkazis, S., “Randomization of gold nano-brick
arrays: a tool for SERS enhancement,” Opt. Express 21(11), 13502–13514 (2013).
[55] Jayawardhana, S., Rosa, L., Juodkazis, S., and Stoddart, P. R., “Additional enhancement of electric field
in surface-enhanced Raman scattering due to Fresnel mechanism,” Sci. Rep. 3, 2335 (2013).
[56] Nishijima, Y., Adachi, Y., Rosa, L., and Juodkazis, S., “Augmented sensitivity of an IR-absorption gas
sensor employing a metal hole array,” Opt. Mat. Express 3(7), 968–976 (2013).
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