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crystal lens

K. Guvenl* K. Aydin,! K. B. Alici,* C. M. Soukouli> and E. Ozbay?®
1Department of Physics, Bilkent University, Bilkent, 06800 Ankara, Turkey
2Ames Laboratory-USDOE and Department of Physics and Astronomy, lowa State University, Ames, lowa 50011, USA
SAdvanced Research Laboratory, Bilkent University, Bilkent, 06800, Ankara, Turkey
(Received 28 June 2004; revised manuscript received 17 September 2004; published 22 November 2004

We report the spectral refraction analysis and focusing properties of a two-dimensional, dielectric photonic
crystal(PO) slab in freespace. A transverse electric polarized upper band of the crystal is used. The measured
refraction spectra indicates that a highly isotropic negative index of refraction is present in the measured
frequency range of the band. We demonstrate experimentally and numerically the focusing of the field emitted
from an omnidirectional source placed in front of the crystal. Both the source and the focus pattern are away
from the PC interfaces of the order of several wavelengths. The focus pattern mimics the arbitrary lateral and
longitudinal shifts of the source, which is a manifestation of true flat lens behavior.
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[. INTRODUCTION The interest in negative refraction phenomenon does not

Photonic crystal§PCg are making profound changes to St€m only from funda}mentgl physics point of view. Perery
the way we control the propagation of lighThese periodi- Proposed that negative in left-handed materials can be
cally (or quasi-periodicallymodulated dielectric or metallic used for constructing a perfect lens, which may not be lim-
structures provide bands for the photons in close analogy téed by diffraction. Luoet al. studied the subwavelength im-
the bands of electrons in a semiconductor material, hence tfeging in PCs in detafl® Cubukc( et al. demonstrated ex-
name “photonic crystal.” By tuning the geometrical and ma-perimentally the subwavelength resolution along a 2D PC-air
terial parameters of the crystal, the band structure can biterface. Recently, Pariffi et al. demonstrated the near
sculptured to yield virtually any type of dispersion for the field image formation of a point source with a 2D PC and
propagation of electromagnetic waves, which reveals novehegative refraction in a 2D metallic PC pris#iThe focusing
and unusual optical phenomefid! An exciting feature properties of a rectangular dielectric photonic crystal lens
among these is the negative refraction of electromagnetigiere also studied experimentally and by simulations by Mar-
waves at the interface between a positive index mediunginez et all?
(e.g., aiy and the P79 This, and the large beam steer- | this article, we present the spectral negative refraction
ing, called “super prism phenomenon,” at the interface of &nalysis and focusing properties of a 2D photonic crystal
three-dimensional3D) PC has been experimentally ob- sjah. Our achievements in a nutshell are tha): Unlike
served by Kosakat a|.2 Theoretical studies indicate that the previous experimenta| studies, a transverse e|eC[|® po-
underlying mechanism for the negative refraction in PCs igarized upper band of the crystal is utilize@) the band is
not unique: Notomi extensively studied and light propagationshown to exhibit an isotropic refraction to certain extend,
and described different ways for achieving negative effectiveyith high transmission(~-4 dB compared to free-space
index of refraction, ney, in strongly modulated two- propagatiolr (3) the focusing of the transmitted field is ob-
dimensional2D) PCs? Negative refraction may occur when tainedfar away from the crystal interface with a resolution
the incident field couples to a band with convex equal freqp par with the wavelength and a high transmission lev!;

quency contour$EFCS in k-space, where the conservation strong evidence is found for true flat lens behavior of the PC.
of the surface parallel component of the wavevedtpom-

bined with the “negative” curvature of the band causes the

incident beam bend negativély. In this case, neither the Il. SPECTRAL NEGATIVE REFRACTION ANALYSIS
group velocity nor the effective index is negative and the PC OF A 2D PHOTONIC CRYSTAL

is essentially a positive index medium, exhibiting negative . . .
refraction. Inyan(?ther mechanism, the group velogity a%d th We_ follow the analysis presen_ted n Re_f. 6 to obtain a
phase velocity derived from the band dispersion are antipa -C_ with negat_lveneff. The photon!c cryst_al IS a hexagonal
allel for all the values ok, leading ton.;<0 for the PC3 lattice of alumina rod_s In ar. Lattice period $4'7.9 mm.
Both mechanisms are confirmed by recent experimentg] '€ _rods have dielectric constan¢=9.61, diameter

observation§:%! Negative refraction studies originate from _r=3.15 mm, and length=15 cm. The' top part of Fig. 1
left handed metamateridfsi3 which are based on the displays the transverse elect(itE) polarized band structure

proposal by Veselagt, composed from periodically in the first Brillouin zone. Throughout this paper, the trans-

arranged negative permeabilityu<0) and permittivity verse direction is taken in plane of the 2D photoDic crystal.

(<0) metal components, providing an effective mediumThe 5th band shaded in the figure extends frés0.65
with n:\fsqﬁ<0. (f=40.65 GHz to f=0.74(f=46.27 GHz, wheref=fal/c is
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FIG. 2. (Color onling Schematic of the refraction spectra mea-
surement setup. The EM wave is emitted from a horn antenna,
incident to the PC at,. The lateral intensity distribution of the
refracted beam at the other interface is scanned by a monopole
antenna. An HP8510C network analyzer is used to obtain the trans-
mission spectra.

] SRR S, ' .

scanned byAx~1.27 mm steps, while the frequency is
swept from 38.5 to 43.5 GHz in 400 steps, averaged over
256 measurements at each frequency.

Figure 3a) displays the transmission spectra as a function
of frequency and lateral position for three different incidence
angles of¢,=15°, 30°, and 45°. It is evident that the trans-
mitted beam appears on the negative side. When the inci-
dence angle is increased the transmission shifts towards left
accordingly. To investigate the beam profiles, the spatial

cross section af=41.7 GHz(f=0.667 are plotted in Fig.
3(b). We note that the incident field has a Gaussian beam
profile centered ax=0 (not shown on figures The intensi-
ties are normalized with respect to the maximum intensity
for the 15° incidence. The lateral shift is accompanied by a
decrease in the transmission intensity. This can be attributed
FIG. 1. (Color onling (top) TE polarized band structure of the to the higher reflection at the interface for larger incidence
PC. 5th bandshaded gives negative refractiorgbottom) The sur- angles and to the diffraction induced out-of-plane losses
face (transparent shellof the 5th band in the full Brillouin zone. \yhich increase with increasing path through the lattice. Fig-
Some equal frequency contours are projected to the Brillouin zong,o 3c) displays the corresponding profiles obtained from
plane. FDTD simulations which show very good agreement to ex-
perimental profiles.
the scaled frequency. In the bottom part of Fig. 1, the Before we commence an effective index of refraction cal-
band surface in the full Brilloin zone along with the cylation using the measured and simulated refraction data,
projected equal-frequency contouiSFC9 are shown. The yjsualizing the field distribution by an FDTD simulation may
EFCs of the band are shrinking with increasing frequencyhelp to gain insight about the presence/absence of higher
contrary to the EFCs in aifn=1) which are given by the order reflected and refracted wave components. Figure 4 de-
dispersiona:=ckaAs a result, the effective refractive index picts a simulation for the, =30° incidence. Evidently, higher
Np=5gr(74-ke)(clki|/ ), becomes negative due to sign of the order reflectionmark 3 is present because &t0.667 the
antiparaIIeIAgroup velocityry=Viw and the phase veIoAcity condition <a/(28eacd IS NOt MEB 8 Where & erface IS
vp=(c/|ny|)ks. Herec is the speed of light in vacuum, afkg  the interface period of the PC. The refracted beam, however,
is the unit wavevector in the PC. We note that the EFC startappears to be a single component, which is also suggested by
to deviate from the circular shape towards the bottom edgehe single transmitted component on the other side of the PC.
of the band, which will induce some anisotropy. We discussOne may argue that the simulation é&t30° is not conclu-
this effect later. sive as the surface parallel wavevector changes with inci-
The refraction spectra are measured by a setup consistingence angle. This is indeed the case, but the simulations of
of an HP 8510C network analyzer, a microwave horn anthe present structure indicate that the a single refracted beam
tenna as the transmitter and a waveguide antenna as the ig-present for incidence angleg<45°. Both Notomfit as
ceiver. Figure 2 displays the schematic view of the setupwell as Foteinopoulou and Soukodli$ pointed out that
The PC has 7 layers along the incidetE®/) direction and  single beam refraction at higher bands is possible. We, there-
31 layers along the lateral direction. The horn antenna is ofore, assume that most of the propagating power is coupled
the negative side of the PC with respect to its central axisto the zero-order diffracted wave, and employ Snell’'s law for
The spatial intensity distribution along the PC-air interface isthis geometry byn(f,k;)sin 6;=ng, sin 6;, where 6, is the
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FIG. 3. (Color onling (a) Measured negative
refraction spectra of the 5th band along the PC-
air interface for incidence angles=15°, 30°, and
45°. Measured(b) and simulated(c) intensity
profiles atf=41.7 GHz for the respective inci-
dence angles. Solid curves indicate Gaussian fits.
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angle of incidence ané is the angle of refraction inside the to reflect itself in the displayed spectra, in view of the width

photonic crystal. For#=15°, 30°, and 45° we obtain of the lateral beam profile as shown in Figéb)3and 3c). It

ne=-0.52, —0.66, and —0.86 from the experiment, respecis evident that the effective index of refraction of the band

tively. The simulation results for the same incidence angleshould change with frequency since it should approach to

give n.z=-0.66, —0.72, and —0.80, respectively. zero at the upper band edge. For an isotropic behavior in
In generaln. depends both on the parallel component offrequency, the dispersion of the band should be linear as in

the wavevectofi.e., angle of incidengeand the frequency of air medium(i.e., w=c|k|), which is clearly not the case as

the field: ngg(k, w). The refraction spectra in Fig. 3 exhibits can be seen on the band structure in Fig. 1. Despite the

both dependencies to certain extend. Kisependent aniso- presence of the anisotropy, the band still manages to provide

tropy is apparent from the numerical valuesngf obtained a uniform beam within the measured frequency range. Based

by applying Snell's Law. The frequency 41.7 GHz for which on this behaviour, we discuss the response of the photonic

the lateral beam profiles are plotted is rather close to therystal slab to a point-source in the next section.

lower edge of the band, which makes this anisotropy more

prominent. As mentioned, increasing the parallel component

of the wavevector may also induce higher order reflectiorll. FOCUSING PROPERTIES AND FLAT LENS BEHAVIOR

and refraction at the interface. Although the frequency de- OF THE 2D PHOTONIC CRYSTAL

pendence of.; appears to be more subtle in the refraction

spectra, we stress that the frequency rapfe65-43 GHy cidence angles brings the possibility that the slab structure

plotted in Fig. 3 covers only the lower half of the band. The . RN
range above 43 GHz was beyond the limits of our measurer &Y act .“ke a Ie_ns for an omm-dlre_ctlonal Source. Theoret-
ment setup. Our conclusion is that the frequency depender'ﬁal. studies pred|ctgd ek I(_ans with negatigg may ex-

. A . . _hibit unusual focusing properties that surpass the limitations
anisotropy occurring in this frequency range is not sufficient . " g prop . P .

of its positivengs counterpaf®'®and indeed such behavior

is demonstrate® For the present PC, we first performed
FDTD simulations for a TE polarized point source at
f=42.07 GHz located at a distanak, ;=2\ away from
air-PC interface. Previous studies considered the case where
the source is located in the vicinity of the PC interface
(dgrc<\). Figure §b) shows the resulting spatial intensity
distribution in the image plane, normalized by the maximum
intensity value. The PC-air interface is locatedza®0. The
peak indicates focusing behavior unambiguoushe also
refer the reader to Fig. 7 for the simulated 2D H-field map,
where the convergence of the wavefronts along the optical
axis is clearly visibleg We would like to emphasize that the

FIG. 4. (Color onling Simulated negative refraction of a plane focusing occurs away from the PC-air interface, observed at
wave atf=41.7 GHz incident ap=30° to the PC interfacémark ~ Z=8\. In this respect, channelling induced focusing effects
1). Zero ordermark 2 and higher ordefmark 3 reflections occur. may also be excluded, which occur close to the interfdce.
The refractedmark 4 the transmittedmark 5 components appear In the experiment, a waveguide aperture is used as the
to propagate as single beams. source. Since the EM wave diffracts rapidly at the abrupt end

The presence of negative refraction for large range of in-
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FIG. 5. (Color onling (a) Lateral intensity profiles measured at
six different positions along the propagation directiaha=1.78,
3.56, 5.34, 7.12, 8.90, and 10.68:0 corresponds to the PC inter-
face (b) Simulated 2D intensity in the image plane.

of an waveguide aperture, we expect that the waveguide ap-
erture provides sufficiently omnidirectional radiation to imi-
tate a TE polarized true monopdler monoloop antenna for

our purposes. The details of the radiation pattern does not FIG. 7. (Color onling Simulated 2D field distributiorH,(x,2)
impose any restrictions on the general properties of the fofor dg,.=2\ (top) anddg,.=4\ (bottom).

cusing effect. The intensity distribution in the focusing plane

is measured by a monopole antenna. Bgg=2\, first the  focal point. As seen in Fig. 6, the source positigusrtical
propagation directionz, is scanned for locating the maxi- dashed linesand the peak positions of the focused beam
mum intensity, and then lateral cross sections of intensity atsymbolg are in excellent agreement. In addition, the simu-
several around the peak position are measured. In Fig),5 lated profileg(solid curve$ using a true point source show a
the focusing of the beam both in lateral and longitudinalremarkable match with the measured data. We, therefore,
directions is evident. The maximum intensityormalized to  conclude that fod, of the order of several, the waveguide
unity) is observed atl,.,/ A = 8. The longitudinal extend the aperture provides indeed a good approximation to a point
focusing indicates thate; deviates from negative unity, and source. The average full width at half maxim@FWHM) of
has certain amount of anisotropy. As a result, the focus pathe profiles atl;,.,s~ 8\ depicted in Fig. 6 is 1.60a1.08\,
tern cannot be regarded as an image formation in a strigin par with \. We alert the reader that a subwavelength
sense. We further note that even wheg were perfectly  focusing as discussed in recent stutfiés not concerned
isotropic and uniform, a value different than —1 would nothere. The subwavelength focusing requires the amplification
generate point focusing and induce an aberration of the imof evanescent waves through the photonic crystal for image
age. formation. This implies an upper limit on the location of the
The flat lens behavior of the PC structures was emphasource and image from the PC, since the evanescent waves
sized in recent studié8.In this case, the focusing properties decay rapidly away from the interfaces.
are preserved at an arbitrary lateral location of the source Similar to the lateral shift, the shift of the source along the
along the interface. To demonstrate this, we have shifted thengitudinal direction is expected to be followed by the focus
source laterally and measured the lateral beam profile at thgattern. The FDTD simulated 2D map of the magnetic field,
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FIG. 6. The measuresymbolg and simulatedsolid curve$ FIG. 8. The measured lateral intensity profiles at respective fo-

lateral intensity profiles at the focal distan@\ = 8) for different  cal distances for different source distances. The intensity axis is
lateral shifts. The respective source locations are denoted by verthormalized by thels,.=2.0\ profile peak. The dashed line denotes
cal dashed lines. the intensity profile in the absence of PC fiy.=2\.
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Hy(x,2), plotted in Fig. 7 shows this behavior clearly: When presented. The TE polarized fifth band of the crystal is dem-
the source is moved fromh, =2\ to d, ;=4\ away, the focus onstrated to exhibit negative refraction for a plane wave
pattern on the other side shifts accordingly towards the PCsource, and focusing for an omni-directional source. Flat lens
air interface. behavior is achieved for arbitrary source positions. We fi-
In Fig. 8, the measured lateral profiles at focus points fomally note that the focusing effect reported in this article
variousd, are plotted. From the determined focal positionsdepends only on the refractive index of the dielectric mate-
we have found thatd,,.+d,c,9 remains roughly constant. rial and on the geometrical parameters of the 2D PC, hence it
The figure also displays the intensity profile in the absence oshould be scalable to optical wavelengths. Indeed, such fo-
the PC fords,.=2\ case(dotted ling. At the focal distance, cusing behavior is reported at infrared wavelengths very
the free space propagation is almost a flat line with no fearecently?®
tures indicating the source location. The intensity achieved
by the PC is~12 dB higher relative to freespace propagation ACKNOWLEDGMENTS
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