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We report accurate light wave manipulation by means of an inverse designed homoepitaxial ZnO
nanopillar array. Our proof-of-concept structure was optimized for focusing a near-surface light
beam which propagates in a free-space parallel to the metal top surface. The on-purpose positioned
and perpendicularly aligned vertical ZnO nanopillars were fabricated by homoepitaxial chemical
growth technique. The obtained focal distance of 28 �m as well as the light intensity distribution
pattern was verified by three-dimensional finite-difference time-domain method. The demonstrated
approach can provide inter- and intrachip optical connections in the next generation ZnO
nanowire-based integrated photonic devices. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2924282�

Zinc oxide as a wide band gap semiconductor �3.37 eV�
that has a large exciton binding energy ��60 meV� is pre-
destinated to be a key material of the future nanophotonic
devices operating in the visible and in the near ultraviolet
wavelength region. The intense interest is partly due to the
unique bulk properties of ZnO1 and partly because of its
ability to form stable nanostructures.2 In the past decade,
several optical phenomena and functions, such as blue-UV
light emission,3 UV lasing,4 strong second harmonic
generation,5 and optical switching,6 were demonstrated either
on individual ZnO nanowires �NWs� or on vertical NW ar-
rays. Moreover, by the latest development in p-type NW
doping,7 the most crucial obstacle of NW based ZnO devices
can be overcome as well. This enormous progress makes us
envision the emergence of all-ZnO integrated devices; how-
ever, the essential inter- and intrachip connections have been
still missing.

The efficient device integration always make a great de-
mand on the technological compatibility. In ideal case, the
constituent optical components are fabricated in the same
parallel process. Here, we propose an innovative concept in
which a vertical ZnO nanopillar array is used for the manipu-
lation of the light wave propagating parallel to the surface in
free space. The array is very similar to the above listed active
counterparts, therefore, promising easy integration. The se-
lected solution is based on the scattering optical element
�SOE� concept8 which can be regarded as the three-
dimensional �3D� extension of the diffractive optical ele-
ments �DOE�. However, instead of using a single layer of
phase-controlling component, SOEs are based on multiple
scattering by a few layers of individual scatterers. The posi-
tions of the scatterers are optimized by a powerful combina-
tion of two-dimensional �2D� multiple scattering theory and
genetic algorithm, ensuring a fast and effective optimization.
According to the simulations, the inverse designed SOE
structures can fulfill different functions such as light focusing
and incoupling of an external source,9 directional light

emission,10 wavelength demultiplexing,8 etc. Although
proof-of-concept structures have already been demonstrated,
they either operate in the microwave region11 or they are
optimized for acoustic waves.12 SOE structures operating in
the optical region still have been missing.

In order to demonstrate the capabilities of the concept,
here we present a nanopillar lens which focuses the light of
an external monochromatic source with �=633 nm �Fig. 1�.
For an easy demonstration of the optical function, a focal
distance of 30 �m was selected; however, there would
be no physical limitation of a significantly lower value. The
optimization process was applied on a narrow rectangular
region having a triangular lattice of n�m=71�3, where
each site can be either an occupied or a vacant position for
infinitely long circular cylinders. It is possible to remove this
limitation on the design freedom and freely place the scatter-
ers in the plane,11 although an increase in the performance
might be expected, the array is normally more difficult to
realize. The final arrangement, which is one of the 2�n+1�/2m

�3.24�1032 possible z-axis symmetric configurations, was
selected by maximizing the intensity gain factor in the focal
point. The optimal configuration, with a gain factor of
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FIG. 1. �Color online� A schematic cartoon of the optical lens system. The
sheets mark the wave front as the light propagates from left to the right
through the SOE nanopillar device. The focal point is set to 30 �m behind
the front edge of the array.
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G=11.6, was found after 6800 function evaluation, equalling
approx. 3 h CPU time on a standard Pentium IV processor
and using only a few megabyte random access memory.

In the applied 2D optimization method, the planar light
wave is modulated by infinitely long freestanding scatterers;
however, experimentally obtained structures are finitely long
nanopillars which are standing on the surface. Hence, a 3D
finite-difference time-domain �FDTD� method was used
which unambiguously confirmed that the predesigned optical
function is attained by such a realistic geometry.

The next practical question is how can we fabricate a
perpendicularly aligned ZnO nanopillar array in an engi-
neered arrangement. On purpose positioned arrays were re-
ported only recently by Kim et al.13 and by Cui et al.14 Our
synthesis method is partly similar to them, we also use
e-beam lithography for generating the designed pattern and
soft chemical nanocrystal synthesis.15 However, we propose
ZnO single crystal as a substrate material and a homoepi-
taxial nanopillar growth, enabling significantly enhanced
regularity and uniformity throughout the array.

The fabrication process began with the deposition of a
high quality Pt thin film on the Zn-terminated �0001� face of
a single crystalline ZnO substrate16 to ensure the low loss
propagation for transverse electric �TE�-polarized light. The
thickness �39.3 nm� and complex refractive index �2.03
+4.00i at �=633 nm� of the thin Pt film were determined
precisely by a combined method of x-ray reflectivity and
spectroscopic ellipsometry. The desired pattern was drawn at
first in a poly�methyl methocrylate� �PMMA� layer by
e-beam lithography which was transferred then into the Pt
layer by Ar+ ion beam etching. Here, we carefully optimized
the etching time to form Pt free but only slightly damaged
ZnO nucleation centers in the circles on the selected lattice
sites. After the removal of the residual PMMA layer, the
nanopillars were synthesized at 85 °C in a sealed glass con-
tainer filled with an equimolar �0.004M� aqueous solution of
zinc nitrate hexahydrate �Zn�NO3�2 ·6H2O� and hexamethyl-
enetetramine �C6H12N4�.

The obtained defect-free array consists of uniform,
2.1 �m long nanopillars standing perpendicular on the sur-
face �Fig. 2�. Although the patterned Pt film contains circular
bores the nanopillars show hexagonal cross sectional shapes
which are collectively aligned according to the inherent crys-
tal orientation of the wurtzite-type ZnO substrate. Multiple
scattering simulations did not show any notable difference
between rods with circular and hexagonal cross sections at

the working wavelength, making our design valid. The ho-
moepitaxial pillars are slightly tapered: the distance between
the nonpolar �10-10� side planes changes between 190 and
230 nm when going from the bottom to the tip. This feature
can be ascribed to the fact that the growing rate ratio be-
tween polar top �0002� and nonpolar side planes �10-10� is
large but not infinite.

In the test measurement, the effect of the SOE structure
on the in-plane near-surface light propagation was investi-
gated by means of a far field quasi-plane-wave source. How-
ever, when setting a parallel incident direction for a colli-
mated laser beam and trying to attain a grazing propagation,
due to the Lloyd’s mirror effect,17 the light intensity inevita-
bly vanishes near to the surface. On the other hand, by care-
fully adjusting the grazing incidence angle so that the first
constructive interference band sufficiently covers the SOE
structure with a finite height, a plane wave incident from a
far field can mimic the in-plane near-surface light propaga-
tion induced, e.g., by an emitter on the same ZnO optical
chip. It was found that a grazing angle of 3.7° fulfills this
requirement for the present structure when using a TE-
polarized collimated laser beam of �=633 nm. The scattered
light behind the structure was collected with an objective
lens, whose position and, therefore, its focal point was
moved step by step along the z axis �Fig. 3�a��. Hence, a set
of �x-y� cross sectional intensity distributions, i.e., a tomo-
gram was acquired and subsequently averaged along the y
axis for visualization.

According to the measured intensity gain map, the de-
vice shows indeed a strong focusing effect with a definite
focal point �Fig. 3�b��. The integrated intensity value in the
focal point at Z=28 �m exceeds that of the incident beam
with a maximal gain value of G=5.7. The FWHM of the
intensity peak along the x axis in the focal point is 1.02 �m
which corresponds to a spot size conversion value of �18:1.
By taking into the account the actual tapered nanopillar ge-
ometry a second 3D FDTD calculation was done showing
the same focal distance �Fig. 3�c��. Besides, both maps show
similar patterns especially in the Z�15 �m and �X �
�4 �m region. Outside this regions, near to the scatterers
the average intensity on the experimental map is significantly
lower, which can be explained by the limited numerical ap-
erture �NA=0.55� of the objective lens. The beams which
point out from the �=33° half angle maximum cone were not
collected by the lens.

FIG. 2. Top �a� and perspective view �b� scanning electron microscopic �SEM� images taken on the homoepitaxial ZnO nanopillar array. The highly uniform
2.1-�m-long prism-shaped vertical nanocrytals are collectively aligned according to the crystal orientation of the wurtzite-type ZnO substrate.
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In conclusion, we have demonstrated that by using an
engineered ZnO nanopillar array a very accurate manipula-
tion of the light wave is feasible. In our experiment a focus-
ing effect with a focal distance of 28 �m was presented but
according to our calculation by using a different scatterer
arrangement a much shorter focal distance ��10 �m� can be
easily reached. We believe that the ZnO nanopillar lens can
be a promising tool for focusing the light coming from an

external source into a specific volume on the chip, which can
be either a rectangular or photonic waveguide as well as a
ZnO nanowire based photodetector. However, we also expect
that the real potential of the presented method will be uti-
lized when the scatterers not only modulate but also emit the
light enabling directionally emitting devices10 operating in
the blue or near UV region.
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FIG. 3. �Color online� �a� Schematic illustration of the optical characteriza-
tion setup. The TE polarized collimated laser beam grazing on the surface at
an angle of 3.7° is modulated by the nanopillar array. By moving the objec-
tive lens and hence its focal plane along the z axis behind the specimen a
series of the x-y intensity distribution maps were recorded providing a com-
plete 3D intensity distribution. �b� By taking the y-averaged x-z intensity
gain map, the desired focusing effect is obvious. �c� The theoretical intensity
gain distribution calculated by 3D FDTD method shows very similar pattern
features with the same focal distance of Z=28 �m.
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