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In this paper, we present photonic crystal flat lenses with interfaces engineered to improve the light
transmittance thanks to a broad angles impedance matching. The interface engineering consists in
the realization of antireflection gratings on the edges of the lenses which are designed to reduce the
propagative waves reflectivity over a wide range of incident angles. The fabricated structures were
measured in optical near-field and a four times enhancement of the light transmission efficiency is
reported. © 2010 American Institute of Physics. [doi:10.1063/1.3473760]

In 1968, Veselago described unusual properties of nega-
tive index media such as negative refraction, reversed Dop-
pler effect, or reversed Cerenkov radiation.! More recently,
the use of negative refraction has enabled the emergence of
innovative concepts for optical imaging including flat lenses
or Pendry’s perfect lenses.'™ If several numerical and ex-
perimental demonstrations of these concepts were reported
with millimeter patterned metallic materials operating at the
microwave wavelengths, their counterparts at optical
frequencies3’4 have to face the limitations of metal damping
constants and nanopatterning. To overcome these difficulties
at optical frequencies, the purely dielectric route, i.e., the
photonic crystal (PC) route, is attracted a growing interest.
As a matter of fact, under rigorous optogeometrical consid-
erations, PCs can behave as negative index media with a
configurable effective refractive index that can be used for
lensing or cloaking applications.s_7

Among the different PC geometries proposed in the lit-
erature, we study here the two-dimensional (2D) PC which
consists in a triangular lattice of air holes etched in a semi-
conductor slab. As demonstrated experimentally elsewhere
by different groups and by different methods in far-field
and/or in near-field,*'* these structures could present a nega-
tive refractive index which is isotropic enough to build flat
lenses. Obviously, in this field the transmission of the lens is
a key figure merit for future applications. This has been theo-
retically investigated and it has been shown that interface
truncation of the 2D PC structures plays a crucial role in the
light transmission Process, for evanescent as well as for
propagative waves. " In that way, several designs of 2D
PC interfaces have been suggested, summarized in Ref. 15
but only few of them have been experimentally tested. The
truncation proposed in Ref. 16 is devoted to evanescent
waves enhancement by surface mode excitation whereas in
Refs. 17 and 18, a hole shape engineering is performed to
decrease propagative waves reflectivity at 2D PC input inter-
face. However, the air hole deformation proposed in Ref. 17
has a restricted angular tolerance and its experimental dem-
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onstration effect is made indirectly in far-field. Although di-
rect near-field observations of the effect of a tapered air holes
layer are shown in Ref. 18, no focusing regime, only nega-
tive refraction, is reported. In this work, we fabricated a 2D
PC flat lens with input and output interfaces engineered in
order to improve the lens transmittance with a broad angular
acceptance and we quantify experimentally the transmission
improvement using scanning near-field optical microscopy
(SNOM) observations.

The structure considered here is a 2D PC flat lens made
of a triangular lattice of air holes etched in a semi-
conductor heterostructure (1.6 um InP/0.5 um InGaAsP
/0.2 um InP). The total height of the heterostructure from
the substrate to air is 2.3 wm height. As shown elsewhere, '’
this structure provides an isotropic effective negative index
of n=—1 which is achieved for a transverse electric polarized
mode (TE, electric field parallel to the hole axis) at a reduced
frequency of a/N=0.307, a being the lattice parameter of the
2D PC and A the operating wavelength. For A=1550 nm, the
associated a is 476 nm and the air hole diameter is 350 nm.
Furthermore, a monomode ridge waveguide tapered to 400
nm mimics a subwavelength source point. The complete
sample (waveguide+lens) is embedded in air. With such a
structure, a negative refraction focusing regime of light at
optical frequencies has been already demonstrated.'® How-
ever, the mismatch between free space impedance and im-
pedance of propagative waves inside the lens, i.e., the Bloch
Waves,lg’zo is a severe limitation since the light transmission
efficiency of this lens (LTE defined as the ratio between im-
age and source light intensity) was measured to be lower
than 1%. Here, we started the improvement of the lens LTE
by reducing its total length from 21 rows of air holes to 13
rows. This leads to an increase in the LTE from less than 1%
to 5%. As a matter of fact, to preserve the symmetry between
the source and the image planes compared to the center of a
lens with n=-1, the shorter the lens is, the shorter the dis-
tance between the lens input and the end of the waveguide.
As a consequence, due to out-of-plane diffraction, the cou-
pling efficiency between the light radiated by the waveguide
and the Bloch waves inside the lens is increased. We shall

© 2010 American Institute of Physics
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FIG. 1. (Color online) (a) Schematic top view of the 2D PC lens covered
with the triangular pattern. (b) Reflectivity of reference and optimized (ideal
case for A=1530 nm) semi-infinite 2D PCs as functions of the angle of
incidence. (¢) SEM view of one fabricated optimized lens with the associ-
ated waveguide. A ray tracing corresponding to an effective negative index
of n=-1 is superimposed. (d) 2D FDTD simulations of the electric field
intensity plane distribution at 1550 nm for the ideal optimized lens. (c) and
(d) are plotted at the same scale.

consider the 13 rows structure as the reference lens (thick-
ness of 5.5 um).

Next, we engineered the interfaces of this reference lens
in the way proposed in Ref. 15. We use a triangular antire-
flection grating etched on the two interfaces of the lens. As
shown in Fig. 1(a), the gratings is defined by the three pa-
rameters wb, hb, and ht of the periodic triangular pattern
(periodicity is set to the lattice parameter a). In the follow-
ing, the reference lens sandwiched with this periodic trian-
gular pattern will be called the optimized lens. A numerical
optimization procedure, similar to that from Ref. 15, yields
the ideal triangular pattern defined by wb=0.50a, hb
=0.01a, and ht=0.69a for the shifted operating wavelength
A=1530 nm. Indeed, our previous works'® has revealed
a spectral shift between 2D simulated lens design (for A
=1550 nm) and the optimal configuration for SNOM mea-
surements (at A=1530 nm). The reflectivity angular depen-
dence of the reference and the optimized (ideal case) semi-
infinite 2D PCs are shown in Fig. 1(b). We observe high
reflectivity values (R>0.25) for the reference whereas the
reflectivity of the optimized structure does not exceed 0.05
over a wide range of incident angles (up to 80°). Such a
result is of prime importance for a focusing device which
requires isotropy not only for the effective negative index but
also for the impedance matching between air and 2D PC. In
order to check the efficiency of the designed antireflection
grating, we simulate, with a 2D finite difference time domain
(FDTD) method the electric field intensity distribution of the
complete optimized structure. The result is shown in Fig.
1(d) and unambiguously shows that the negative refraction
focusing regime is achievable with the design and a bright
image spot is clearly visible. Note that when compared with
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simulations of the reference lens, the brightness of the image
spot is clearly enhanced while its full width at half maximum
along the transverse direction is preserved.

Then, we fabricated the optimized lens by using the na-
noelectronics techniques on III-V semiconductors: hetero-
structure growth is made by molecular beam epitaxy, and
e-beam lithography followed by inductively coupled plasma
deep etching technique is used for nanopatterning the struc-
tures. More details about fabrication can be found
elsewhere.”! It is important here to note that fabricating the
antireflection gratings with the accurate parameters wb, hb,
and At given by the design is a tricky task. For that reason we
fabricated four optimized lenses with different values for wb
and ht parameters, slightly varying from the ideal case. Due
to technological limitations, hb parameter of the four
samples is lower limited to 0.06a (28 nm). A scanning elec-
tron microphotograph (SEM) view of one of the typical fab-
ricated structure is presented in Fig. 1(c). All the values of
the fabricated and measured wb and At parameters are men-
tioned hereafter in Fig. 2.

The optimized lenses have been characterized by a
SNOM operating in collection mode.” The waveguide light
injection is realized with a TE polarized tunable laser source
(Anritsu TUNICS+CL/WB), and a near-field probe is
scanned over the surface using piezoelectric stages with a
shear-force feedback. The near-field probe consists in a
pulled silica optical fiber with a 20 nm apex which locally
detects the electric field intensity surrounding the nanostruc-
ture. Figure 2 shows the SNOM pictures of the four struc-
tures with different triangular pattern parameters and for an
input wavelength of 1530 nm. We note that for the measure-
ment representation, we used an illuminated view (and not a
density plot with a colorscale) since the detected light inten-
sity can differ from several orders of magnitude from one
part of the picture to another one. The height scan of SNOM
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FIG. 2. (Color online) Unprocessed data SNOM pictures of the four opti-
mized lenses at A=1530 nm, plotted in illuminated view. Superimposed
dotted lines reveal lenses interfaces position. For each picture, correspond-
ing triangular pattern parameters and SEM view (plotted at the same scale as
each other) are associated: (a) wb=0.49a, hb=0.06a, and ht=0.61a; (b)
wb=0.43a, hb=0.06a, and ht=0.64a; (c) wb=0.52a, hb=0.06a, and ht
=0.68a; (d) wb=0.54a, hb=0.06a, and ht=0.67a.
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pictures is set to 4 nm above the waveguide and the 2D PC
lens and to 1.5 um above the substrate for all free space
areas, which corresponds to the actual height of the InGaAsP
guiding layer. One can observe in the pictures of Fig. 2, the
negative refraction focusing regime of the four optimized
lenses. Note that due to sample height and shear-force feed-
back scanning our near-field probe detects a source point
(REF IN) slightly shifted from the very end of the wave-
guide. For each picture, we observe from left to right: REF
IN, interference fringes related to wave propagation inside
the nanostructure, and image point at 11 um away from the
end of the waveguide, which is the expected distance for the
n=-1 regime. In order to estimate influence of our interface
engineering, we measure on SNOM pictures the LTE for the
four optimized lenses. Here, this figure of merit is defined as
the ratio between image point and REF IN light intensity
peak. Each peak value is averaged with the eight adjoining
pixels of the corresponding SNOM picture. The four samples
come from the same wafer with only one fabrication process
and experimental conditions for SNOM characterization are
also rigorously duplicated for all pictures of Fig. 2. Thus we
can directly compare the various LTE we obtain: 21% [Fig.
2(b)], 18% [Fig. 2(a)], 14% [Fig. 2(d)], and 10% [Fig. 2(c)].
These values have also to be compared to the reference lens
for which a LTE of 5% have been measured at the very best.
This clearly evidences the influence of the interface engi-
neering reported here with a four times enhancement of the
LTE for the case of Fig. 2(b). The other results illustrate the
extreme sensitivity of the optimal design to ensure imped-
ance matching between air and 2D PC over a wide range of
incident angles.

At last, to assess the wavelength sensitivity of the re-
ported structure, we analyzed the spectral dependence of the
LTE of the best optimized lens. We thus realize local near-
field spectroscopy experiments23 for the image point and the
REF IN positions. We stop the near-field probe scan at these
positions (height scan is set to 1.5 wm above the substrate)
and record the intensity of the detected light as a function of
the injected wavelength for the image point and for REF IN.
The bare spectra are plotted in Figs. 3(b) and 3(c), and we
present in Fig. 3(d) the normalized transmittance of the lens,
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FIG. 3. Local near-field spectroscopy (1470 nm <<\ <1650 nm) of the op-
timized lens (wb=0.43a, hb=0.06a, and ht=0.64a) with the higher LTE: (a)
schematic top view, (b) spectral response for the REF IN position, (c) spec-
tral response for the image point, and (d) normalized spectral response
(maximal value at A=1533 nm).
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i.e., the ratio between image point and REF IN spectra. On
the REF IN spectrum, a flat transmittance until the beginning
of the detector cut-off at 1.55 um (H10330 Hamamatsu NIR
PMT Module) is measured whereas a Gaussian shape spec-
trum is recorded at the image point. As a consequence, this
leads to a normalized spectrum with an optimal peak trans-
mittance at A\=1533 nm in good agreement with the near-
field observations. Finally, we note that the near-field spec-
troscopy experiment leads to a value of transmittance (35%)
higher than the LTE measured on the pictures (21%). This
mainly comes from the uncertainties of the near-field probe
lateral position in the REF IN region for the spectroscopy
experiment that could lead to an over evaluation of the LTE.

To summarize, we have presented PC flat lenses with
interfaces engineered to improve their transmittance thanks
to a broad angles impedance matching. The engineered inter-
faces consist in antireflection gratings designed to reduce the
propagative waves reflectivity over a wide range of incident
angles. The fabricated structures were measured in optical
near-field and a four times enhancement of the LTE is re-
ported. The results reported improve significantly the perfor-
mances of PC flat lenses in terms of light transmission effi-
ciency which is a key figure of merit for future applications
in the field of free space focusing devices for optical inter-
connected nanosystems.
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