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We report here the direct observation by using a scanning near-field microscopy technique of the light
focusing through a photonic crystal flat lens designed and fabricated to operate at optical frequencies. The
lens is fabricated using a III-V semiconductor slab, and we directly visualize the propagation of the
electromagnetic waves by using a scanning near-field optical microscope. We directly evidence spatially,
as well as spectrally, the focusing operating regime of the lens. At last, in light of the experimental
scanning near-field optical microscope pictures, we discuss the lens ability to focus light at a subwave-
length scale.
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Since the pioneering works of Veselago [1] and Pendry
[2] dedicated to the focusing properties of a slab with a
negative refractive index, many proposals have been done
in the field of metamaterials to demonstrate this effect. As
the negative refraction requires artificial materials pat-
terned on a subwavelength scale [3], the very first trials
to demonstrate this phenomenon were performed at micro-
wave frequencies. In this field, a resolution of �=8 at
3.8 GHz was reported by using a metallic metamaterial
[4], opening the route towards promising ‘‘superlenses’’
which overcome the Rayleigh limit. At optical frequencies,
metals become lossy, and the challenge appears more
difficult. To overcome this difficulty, the use of purely
dielectric structures such as semiconductor photonic crys-
tals (PCs) is intensively investigated. In this case, an effec-
tive negative index of refraction of n � �1, instead of a
permeability (") and permittivity (�) both equal to�1, can
be achieved by controlling the Bloch wave dispersion.
However, the ability of such a photonic crystal to act as a
superlens remains controversial [5,6].

At optical frequencies, if the two-dimensional photonic
crystal (2DPC) ability to exhibit a negative refraction [7,8]
and a focusing regime [9,10] has been indirectly evidenced
in the optical far field, no direct superlens demonstration
has been reported so far since the phenomenon relies on the
properties of evanescent waves [2,11], which exist only in
the optical near field. Consequently, the scanning near-field
optical microscopy (SNOM) techniques are particularly
relevant to the analysis of such nanostructures. In this
work, we report the SNOM experimental observations of
the lensing phenomenon by directly addressing at telecom-
munication frequency (� � 1:55 �m) the electromagnetic
field distribution in a photonic crystal flat lens. The nega-
tive refraction regime that leads to the light refocalization
of a point source is directly visualized spatially as well as
spectrally. Finally, we estimate the resolution of the lens in

light of the experimental results and discuss the ability of
the reported lens to overcome the classical limitation in
terms of subwavelength resolution.

First, in order to define the optogeometrical parame-
ters of the 2DPC flat lens, we show in Fig. 1 the band dia-
gram and the isofrequency contours of a triangular lattice
of air holes etched in the semiconductor heterostructure
(InP=GaInAsP=InP) depicted in Fig. 2. Figure 1(a) gives
the typical transverse electric [(TE)—electric field parallel
to the holes] and transverse magnetic [(TM)—magnetic
field parallel to the holes) band diagrams of a 2DPC having
an air filling factor of 38%. For the calculation, we have
taken into account the slab effective index value (neff �
3:26) of the TE-fundamental mode supported by the semi-
conductor heterostructure. Using these optogeometrical
parameters, a ‘‘negative refraction regime’’ is achieved
for the TE second band at reduced frequencies ranging
from 0.23 to 0.36. In this range, the TM waves are reflected
by a photonic band gap. This band exhibits a negative
slope, while the wave vector isotropy is relatively pre-
served as shown by the circular isofrequency contours
plotted in Fig. 1(b). Under these conditions [12], an effec-
tive negative index of n � �1 is achieved as the light line
crosses this band which corresponds to a reduced fre-
quency of a=� � 0:307. Thus, for an operating wavelength
of 1:55 �m, the 2DPC lattice parameters are a 476 nm
period with an air-hole diameter of 350 nm.

We then fabricated the flat lens by using the nanoelec-
tronics techniques on III-V semiconductors [13]. The het-
erostructure is grown by molecular beam epitaxy, and the
hole lattice is defined by e-beam lithography on a negative
resist and then etched within the semiconductor slab by
using the inductively coupled plasma etching technique. In
addition, as depicted in Fig. 2(a), we also defined on the
sample a monomode ridge waveguide terminated at a
distance d from the lens input facet. This permits one to
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generate a light source in the vicinity of the 2DPC flat lens
that radiates a cylindrical wave front and mimics a sub-
wavelength point source since the waveguide is 0:6 �m
width with a high index contrast between air and the
semiconductor limiting the spatial mode extension. At
last, the distance d between the lens and the very end of
the waveguide is chosen to d � 4:5 �m, which allows us
to expect an intermediary focus point in the middle of the
flat lens and an image spot at 2d1 � 4d from the point
source if the lens effective refractive index is n � �1. A
scanning electron microphotograph (SEM) picture of the
whole nanostructure is presented in Fig. 4(a).

Taking into account the geometrical parameters mea-
sured on the fabricated sample, we then computed by using
a 3D finite-difference time-domain (FDTD) method the
electromagnetic field intensity distribution within the
whole device. Since, the lens design was performed in
2D, we found a 1% shift of the wavelength corresponding
to n � �1 on the 3D calculations. In 3D, the n � �1
operating regime is rather achieved for an operating wave-
length of 1525 nm. The 3D field distributions computed at
this wavelength are plotted in Fig. 3. Figure 3(a) shows a

x-y cross section of the field intensity at the InGaAsP
guiding layer height. It shows the focusing regime of the
flat lens, the interference fringes related to the wave reflec-
tion at the lens input, and the field distribution within the
2DPC. We also plotted in Fig. 3(b) a x-z cross section of
the field distribution along the middle of the structure. The

FIG. 2 (color online). Schematic view of (a) the structure with
the rib waveguide and the 21st row �M-oriented photonic crystal
lens (d1 � 9 �m � 2d) and of (b) the InP-based heterostruc-
ture. (c) Schematic of the optical near-field experimental setup.

FIG. 1 (color online). (a) Band structure of TE (the electric
field lies perpendicular to the 2D plane) and TM modes for a 2D
triangular InP=InGaAsP air-hole triangular photonic crystal with
an air filling factor of 38% and an effective index of 3.26.
(b) Equifrequencies plot of the TE second band for the same
photonic crystal.

FIG. 3 (color online). Three-dimensional FDTD simulation of
the focusing regime at 1525 nm: electric field intensity (a) in the
xy plane (z � 1:6 �m from the substrate corresponding to the
InGaAsP layer) and (b) in the xz plane (middle of the ridge
waveguide). The full device geometry is recalled in (c).
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field vertical divergence in air and the out-of-plane losses
in the ridge waveguide toward the substrate and at the lens
interfaces can be clearly identified. More importantly, we
observed that the ratio between transmitted and injected
light is lower than 1%, which is not only due to diffraction
in air at the ridge waveguide output but also to the imper-
fect impedance matching between incident waves in air
and propagating waves inside the lens [14].

Next, the structure is characterized by a SNOM operat-
ing in collection mode. As depicted in Fig. 2(c), a TE
polarized tunable laser source is injected inside the wave-
guide, while a near-field probe is scanned over the surface
using piezoelectric stages. The distance between the probe
and the surface is controlled by a shear-force feedback, and
the SNOM pictures presented hereafter were recorded at a
constant height scan [hscan in Fig. 2(c)] of 2 �m from the
substrate plane. The near-field probe consists in a chemi-
cally etched monomode silica fiber with a 100 nm-width
apex which locally detects the electrical field intensity
surrounding the nanostructure [15,16]. Moreover, since
the near-field probes are generally more sensitive to the
field components perpendicular to the probe axis and since
the lens operates for a TE polarization of light, i.e., with a
predominant electrical component parallel to the probe
axis, the SNOM detection efficiency is very weak, and
we used an Er amplifier to increase the input light power
in order to improve the signal to noise ratio.

We recorded several SNOM pictures of the operating flat
lens for wavelengths ranging from 1500 to 1600 nm. A
bright spot at the lens output is observed for wavelength
ranging from 1510 to 1540 nm, and its maximal visibility is
achieved for an input wavelength of 1525 nm. The general
SNOM picture corresponding to this wavelength is plotted
in Fig. 4(b). An illuminated view is used since the observed
features in the SNOM pictures have signal variations that
differ by several orders of magnitude. We also note that, in

Fig. 4, the SEM picture and the SNOM picture are plotted
at the same scale to allow for a direct comparison. In the
SNOM picture, from left to right, one can observe: (i) The
end of the waveguide that mimics a point source and
radiates a cylindrical wave front. The interference fringes
observed around the waveguide termination correspond to
the interference between the waves radiated by the wave-
guide and the waves reflected by the lens input facet.
(ii) The wave propagation inside the 2DPC flat. The inter-
ference fringes resulting from the bouncing waves between
the input and output facets of the flat lens are visible above
the structure. (iii) The focalized spot appears on the SNOM
picture as a bright localized spot at a distance d � 4:5 �m
from the lens output. (iv) A ray tracing corresponding to a
n � �1 refractive index of the lens is superimposed on the
SNOM picture and illustrates the focusing regime of the
2DPC flat lens. The distance between the source and its
image is 2d1 as expected.

In light of these observations, one can now compare the
evolution of the SNOM pictures recorded as a function of
the wavelength (Fig. 5). The near-field patterns measured
at the lens output clearly show the progressive appearance
and disappearance of the image spot from 1510 to
1570 nm. It is also found that the image spot exists for a
broad range of wavelengths from 1510 to 1540 nm, which
is in good agreement with the isotropy of the equifre-
quency contours in this region and confirms the FDTD
predictions presented in the first section of this Letter.

Finally, let us discuss and evaluate the reported lens
ability to produce a subwavelength image of the source
point. In order to evaluate the full width at half maximum
(FWHM) of the focused spot, we used a Gaussian fit of the
transverse cross section of the spots along the y direction.
We found that, for wavelengths ranging from 1510 to
1540 nm, the spot FWHM values are dispersed between
�0 and 1:2�0. The optimal FWHM value �0 is measured in
the case of the 1540 nm picture. This wavelength must
correspond to the regime where n � �1 even if it does not

FIG. 5 (color online). SNOM pictures of the lens for different
input wavelengths: (a) � � 1510 nm, (b) � � 1530 nm,
(c) � � 1540 nm, and (d) � � 1570 nm. In each picture, the
position of the lens facets is superimposed as dotted lines.

FIG. 4 (color online). (a) Scanning electronic microscope pic-
ture of the fabricated photonic crystal lens and the input wave-
guide that mimics a source point in the vicinity of the lens.
(b) Scanning near-field optical microscope picture of the lens
recorded for an input wavelength of � � 1525 nm. For a better
visualization of the small amplitude signals that evidence the
electromagnetic wave propagation inside the nanostructure, an
illuminated picture is plotted.
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correspond to the brightest spot. However, if this measured
value �0 at 1540 nm is not a subwavelength value, one
needs to take into account the focused spot broadening due
to the finite SNOM probe size [15,17]. As reported in our
previous works on 2DPC structures [15,16], the probe
induces a broadening of the field localization that can be
approximated by a Gaussian function convolution. In the
specific case of the probe we used in this work, the FWHM
of the Gaussian is almost 250 nm. Consequently, after
deconvolution, we estimated that the focused spot
FWHM is 0:8�0 in the better case. Consequently, even if
the reported 2DPC flat lens seems to exhibit a subwave-
length resolution to be compared to the one predicted by
theorists [18] for such 2DPC nanostructures (0:66�0), one
can notice that this does not permit one to conclude that the
lens acts as a superlens breaking through the Rayleigh
criterion (0:5�0).

This issue which still remains controversial may be
discussed. If, on one hand, according to Pendry [2], ‘‘nega-
tive refraction makes a perfect lens,’’ recent considerations
also suggest that the subwavelength resolution of 2DPC
flat lenses may be mediated by a resonant coupling of
surface waves [11,18,19] rather than by any amplification
of evanescent waves. Consequently, achieving a super-
resolution with a 2DPC flat lens not only requires one to
take care of the negative refraction but also to consider the
truncation of the PC. We note here that, on the presented
SNOM images, the light detected at the lens interfaces
mainly corresponds to out-of-plane diffracted waves rather
than surface waves, and thus further improvements of the
experimental setup are required to address the specific role
of these surface waves in the reported experiment. On the
other hand, addressing the issue of the superresolution of
any lens (<0:5�0) also requires an ideal subwavelength
source of propagative as well as evanescent waves, which
is a numerical and experimental issue. As a matter of fact,
in classical free space optics, such a source is diffractive
[20], for example, a subwavelength hole milled into an
opaque screen, but is not compatible with the integrated
optics geometry. However, one can expect to overcome this
limitation by using novel nondiffracting light source based
on surface plasmons [21,22] or slot waveguides [23].

In conclusion, we demonstrated a two-dimensional pho-
tonic crystal lens operating at optical frequencies by di-
rectly measuring the light distribution inside the lens by
using optical near-field microscopy techniques. We found
that the focusing regime can be achieved over a 30 nm-
wide spectral range and evaluated the lens ability to focus
light at a subwavelength scale. We believe that this work is
a significant step in the field of negative refraction and
superlenses.
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