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Evaluation of lensing in photonic crystal slabs exhibiting negative refraction

Zhi-Yuan Li and Lan-Lan Lin
Ames Laboratory and Department of Physics and Astronomy, lowa State University, Ames, lowa 50011, USA
(Received 2 September 2003; published 12 December)2003

We systematically investigate lensing of electromagnetic waves by a negative refractive-index material slab
constructed from a two-dimensional photonic crystal with properly designed equifrequency-surface configura-
tion [Luo et al, Phys. Rev. B55, 201104(2002]. We find that a point source placed in the vicinity of the slab
can form a good-quality image in the opposite side of the slab. However, the image is strongly confined in the
near-field region of the slab and gradually degrades and disappears when moved beyond the near-field domain.
In addition, the image-slab distance has little dependence on the source-slab distance and the slab thickness. On
the other hand, the image can also form by a slab with a positive effective refractive index. We have analyzed
the equifrequency-surface contour configuration of this photonic crystal and found that the overall imaging
properties of this photonic crystal slab are dominantly governed by the self-collimation effect and complex
near-field wave scattering effect, rather than by the all-angle negative-refraction effect.
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[. INTRODUCTION extract the dominant mechanism among all these possible
factors that contributes most to the observed phenomenon. A
Recently there appears renewed interest in and some cogood routine to evaluate a superlens is to see whether it
troversies over materials that can exhibit a negative refracworks by simple refraction lawalthough negativeor some-
tion [:)eh,':';lvi()[:E_:L3 called left-handed materials or negative thing else like the Complicated near-field effect. This is con-
refractive-index material@NIM's). When an electromagnetic cerned because all NIM's to date are artificial inhomoge-
(EM) wave beam is incident from air on a NIM slab, the neous media, yet they are approximated as effective
refraction beam follows Snell’s law for a negative refractivehomogeneous media. In this paper we will try to evaluate
index, and propagates into the material on the negative sid&is problem by looking more closely into the 2D photonic
of the surface normal, inverse to our everyday experience$rystal NIM investigated by Luet al.
One famous example towards a NIM is a metamaterial built
from arrays of copper split-ring resonators and copper wire

strips3‘6 Il. DEPENDENCE OF IMAGING EFFECT ON SLAB
It was shown that negative refraction could also occur in THICKNESS AND OBJECT DISTANCE
lossless dielectric photonic crystal structute® The To see whether the lens made from a NIM slab is domi-

equifrequency surface of Bloch’s modes can be properly denantly governed by the negative-refraction mechanism, we
signed so that the group velocitydirected to the have taken a simple starting point that is easy to conceive
equifrequency-surface normalf a Bloch’s mode excited by and understand from the well-known conventional lensing
an incident wave is pointed to a negative-refraction directionjaws. Suppose that lensing by a NIM slab is indeed described
In particular, Luoet al. showed that all-angle negative re- py negative beam refraction, then the lensing mechanism can
fraction could be achieved at the lowest band of two-pe depicted by the simple pictures in Fig. 1 similar to those
dimensional2D) photonic crystals and at a wavelength four presented in Refs. 2 and 7. In Figiala point SourceA is
times larger than the lattice constant, which allows for easieplaced at a distana®; from the left surface of a NIM slab of
achievement of homogeneous refraction of wave beams. Athicknessw. The radiation wave first refracts through the slab
important application of a NIM is superlensing. Pendry pre-hy a negative angle and converges back to a point. After
dicted that a NIM slab could behave as a “perfect” lens with released from the slab the wave reaches a focus for a second

a resolution well below the diffraction limit based on the time, and becomes the imageunder observatiofiat a dis-
argument that a NIM slab can enhance and retrieve the eva-

nescent wave components involved in the radiation from a

point source. Numerical analysis by Lut al. seemed to A B

justify this superlensing envision through the all-angle <:X><'i A<">/'\B’=
negative-refraction mechanism. Yet, the photonic structure N
still withesses a strong wave scattering effect at the con- (@) (b)
cerned frequency domain as it is made up of high dielectric A/\/N%'
cylinders(with a dielectric constan¢ around 14 with mod- \/\/x:

est filling fractions(around 0.3 and a modest scalar effective ©

refractive index(around 2. In this strong scattering regime,
there might be various factors that can contribute to the ob- FIG. 1. Schematic pictures depicting the lensing of a soérce
served imaging phenomenon associated with the inhomog®y a NIM slab to an imag#. (a), (b), and(c) represent imaging in
neous medium. Then it is an interesting and important task tdifferent source distances and slab thicknesses.
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FIG. 2. E, field patterns of a point source placedxat —0.5a 74540 5 0 5 10 15 20 25 30 35 40
and its image across an eight-layer 2D photonic crystal slab at fre-
quencyw=0.192(2rc/a). Dark and bright regions correspond to
negative and positivE,, respectively.

tanced, from the right surface of the slabFrom simple
ray-trace analysis as shown in Figgb)land Xc), one can
find that when the source is closer to the slab, or the slab
becomes thicker, the image distance will be increased. The
image shift with respect to the changedn andw strongly FIG. 3. E, field patterns of a point source placedxat —0.5a
depends on the refractive index of the NIM. But one thingand its image across a 16-, 32-, and 48-layer photonic crystal slab in
can be certain, if the physical mechanism behind the lensin¢p), (b), and(c), respectively. The slab surfaces are represented by
is indeed a wave-beam refraction through an effective homotwo dashed lines.

geneous NIM, one should observe the aforementioned image

shift. Ref. 13, and seems to verify that the photonic crystal slab
The system we examine is a 2D photonic crystal slabzan act as a superlens. However, more evidences are required
consisting of a square lattice of dielectric cylinders in air andyefore definite conclusion can be drawn on the dominant
with the surface normal along tHeM [(11)] direction. The  physical mechanism hiding behind the observed phenom-
cylinder has a dielectric constant ef=14 and a radius of enon.
r=0.3a, wherea is the lattice constant. This structure has  To this end, we have changed the source distahcand
been studied in Ref. 13, according to which the slab exhibitshe slab thickness, and see what happens to the imaging by
an all-angle negative refraction behavior and consequently ghe slab. The calculated field patterns for a source fixed at
superlensing effect at a narrow frequency window centeregt— — .53 andy=0 before a photonic crystal slab with 16,
aroundw =0.192(2rc/a) for the TM polarization mode. We 32 and 48 layers of cylinders are displayed in Fige),3
have reexamined this system and employEd a hlghly efﬁCier[;(b), and QC), respective|y_ For the 16-|ayer slab, a well-
and accurate multiple-scattering approdcfi to calculate  shaped bright image spot is formed. This image spot is
propagation of EM wave emitting from a monochromatic peaked ak= 12.8a, still very close to the right surface of the
TM-polarized point source ab=0.192(2rc/a). A typical  slab (located atx=10.9). The corresponding image dis-
result of theE, field pattern is shown in Fig. 2 for a slab tance isd,=1.9a, only a slight forward shift from the image
25x \[2a wide and eight layers thick. The geometry of the formed by the eight-layer slab. The image spot is elongated
photonic crystal slab is also displayed. In all structures conin the lateral direction, while contracted in the longitudinal
sidered in this paper, the center of the cylinders in the firstirection. Having a closer look at the field pattern inside the
layer is always set to locate at=0, and the slab is symmet- slab, one can clearly find a rectangular bright pattern con-
ric with respect toy=0. In Fig. 2, the point source is placed necting the source and the image spots, which has a lateral
atx=—0.5a andy=0, very close to the surface of the slab size close to the source and image spot sizes. No apparent
(located atx=—r), corresponding to a source distance offocusing of wave is found inside the slab. Instead, it seems
d;=0.2a. One can find quite a high quality image formed in that the wave transmitting into the slab is first collimated,
the opposite side of the slab. The significant point is that thehen travels across the slab via this confined wave front,
field patterns in the two hand sides of the slab exhibit goodnuch like a wave transmitting through a photonic crystal
identity, and look as if diverging from two point sources. A waveguide. The radiation pattern from this waveguide exit
closer look at the data reveals a transverse dizésize at  will appear as if the wave is diverging from an image spot.
half maximum of the image spot as 225 or 0.48.. The  The physical mechanism leading to this self-collimation ef-
image is centered at=6.8a andy=0, corresponding to an fect will be discussed and become clear in Sec. IV.
image distance ofl,=1.6a. Our result is in agreement with A similar guiding effect can also be found in thicker slabs.

20 30 40 50
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In Fig. 3b), the 32-layer slab has two surfaces located at
x=—0.3a andx=22.2a. The emitting wave travels through
the central narrow guiding channébith a lateral size of
about 2.%8), and forms a dark image spot in the vicinity of
the right surface. The peak locatesxat 23.8a andy=0,
corresponding to an image distandg=1.6a. The field pat-
tern shows some aberrations, indicating that the imaging of 15 :
this slab is somewhat degraded compared to the eight-layer 5 10 15 20 25 30
slab. The distortion of image is further amplified for the 48-
layer slab, however, the imaging effect is still visible. The
dominant image spot is a dark one and is peaked at
=36.8 andy=0, with d,=3.3a. A slightly weaker bright
spot is closer to the right surface, and locatexa24.&
andy=0, corresponding ta,=1.3a. In addition, the cen-
tral guiding channel in this slab is not as regular as those in
the 16- and 32-layer slabs, whose shape and lateral size = 8 R S 23 g s
strongly vary when the wave transverses the slab.

From Figs. 2 and 3, one can find that imaging effect does
exist in the considered photonic crystal slab. However, one
can also find that the image distance does not have a simple
dependence on the slab thickness expected for a NIM lens
which works dominantly under the well-known wave-beam
refraction law as depicted in Fig(d. Actually, the image
spot is always located in the vicinity of the surface of the
lens, in another words, in the near-field domain. To have a
more complete vision on the imaging effect of this type of
NIM material, we have changed the source distashgeand
see what happens to the imaging behavior of the lens. Fig-
ures 4a)—4(d) display the calculateé, field patterns for a
source placed ak=-—a and y=0 (corresponding tod; )
=0.7a) before four different photonic crystal slabs consist- 20 - 20 30 40 50

ing of 8, 16, 32, and 48 layers of cylinders. The calculated ) )
FIG. 4. E, field patterns of a point source placedxat —a and

field patterns ford,=1.7a are displayed in Figs.(8—-5(d _ .
for thpe four S|abSl In all cases g \yisible imggé ?s ?E)r)med its image across an 8-, 16-, 32-, and 48-layer photonic crystal slab
' ' in (a), (b), (c), and(d), respectively.

However, all images are located in the near-field domain of”
the slab, and a guiding channel is clearly visible connecting
the near-field source and image spots for thicker slabs. In6-layer and a 32-layer photonic crystal slab are displayed.
addition, the dependence of the image position does not folAs the light source radiates at a frequency of 0.192{/A),

low the simple picture depicted in Fig(ld expected for a or a wavelength of 5.2a, the light source in all the three
NIM lens which works dominantly under Snell's law for situations is obviously located beyond the near-field space
wave-beam refraction. These observations at least indicagomain of the slab. All these field patterns have a common
that the negative-refraction effect is not the dominant factocharacteristic. When the diverging EM waves emitted from

governing the near-field imaging behavior. the point source impinge on the photonic crystal slab, they
are collimated by the slab and travel across the slab along a

highly regular high-intensity guiding channel. In the opposite

-15-10 -5 0 5 10 15 20 25 30 35 40

lIl. IMAGING BEYOND THE NEAR-FIELD SPACE side, EM waves once again diverge in the form of highly
DOMAIN AND THE NEGATIVE-REFRACTION regular oscillating radiation patterns, but now they do not
FREQUENCY DOMAIN look as if radiating from a pointlike source as in Figs. 2-5,

In the ab h that laced at t but rather from a slitlike source. The width of the guiding
n the above we have seen that a source placed at thg,,nnel and the radiation slit grows when the source-slab

near-field region of the NIM slab always forms an image alsQyistance increases. This also means that the imaging func-
at the near-field region of the opposite side of the slab, domitionality of the slab gradually degrades.

nantly through the formation of a guiding channel within the \ne have seen that the formation of a near-field image by
NIM slab. In our next Step we move the I|ght source We”the photonic Crysta| slab depends |arge|y on the gu|d|ng
beyond the near-field space domain. We have found that théhannel formed within the slab and very little on the negative
imaging effect of these slabs strongly degrades and finallyefraction expected for this NIM. Keeping this in mind, we
disappears. Such a situation can be well represented by twaight expect that a slab with a positive effective refractive
typical examples depicted in Figs. 6 and 7, where the calcuindex (satisfying everyday experiences of light refraclion
lated field pattern formed by a point source placed at a poean also serve as a near-field lens. We have tried to lower the
sition of x=—4a, —8a, and —20a, respectively, before a excitation frequency of the monochromatic source and go
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FIG. 6. E, field patterns of a point source and its image across a
16-layer photonic crystal slab at frequenoy 0.192(2rc/a). The
light source is placed beyond the near-field space domain and lo-
cates alx=—4a, x=—28a, andx=—20a in (a), (b), and(c), re-
spectively.

20 30 40 50 20

15

FIG. 5. E, field patterns of a point source placedat —2a and 45

its image across an 8-, 16-, 32-, and 48-layer photonic crystal slab 5
in (a), (b), (c), and(d), respectively. 0

-5
sufficiently beyond the all-angle negative-refraction fre- 12
quency window of the photonic crystal, and indeed found -20
imaging effect existing at some geometric parameters. Fig- 20
ures 8a) and 8b) show two such examples. In Fig(e, the :g
source is at frequencw=0.17(2wc/a), and placed ak p
=—a andy=0 before a eight-layer slab. In Fig(l§, the 0
source is at frequencw=0.15(2wrc/a), and placed ak 5

= —a andy=0 before a 16-layer slab. In both structures, an -10
image spot is clearly visible, which can be justified from the 15
regular out-going oscillation-decaying field patterns expected

-20
20

for a point source. The image spot is still located in the 15

near-field domain of the surface, and a guiding channel is 10

also visible connecting the source and the image, but the 5

guiding channel is far less regular than ab g

=0.192(2rc/a), at which negative refraction is expected. 12

Since the two frequencies are both located in the positive- 32 ()

index domain of the crystal, we see that negative refraction is -20

not an indispensable factor in the formation of a near-field 20 100 10 20 80 4050

image by the inhomogeneous slab. FIG. 7. E, field patterns of a point source and its image across a

We have continued to lower the excitation frequency of32-jayer photonic crystal slab at frequeney-0.192(27c/a). The
the light source, and find that in some situations, a near-fielfight source is placed beyond the near-field space domain and lo-
image, although greatly degraded, still can form. An exampleates atx= —4a, x=—8a, andx=—20a in (a), (b), and(c), re-
is shown in Fig. &), where the source is at frequenay  spectively.
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FIG. 8. E, field patterns of a point source and its image (@r FIG. 9. E, field patterns of a point source and its image for a
an eight-layer slab at frequeney=0.17(2mc/a); (b) a 16-layer  48-layer thick slab at frequencya) w=0.17(2mc/a); (b)
slab at frequencyy=0.15(27c/a); and(c) an eight-layer slab at =0.15(2wc/a); and (c) w=0.1(27c/a). The point source is all
frequencyw=0.1(2mc/a). The point source is placed @& —a in placed ax= —a.

(a) and(b), andx=—4ain (c).

IV. IMAGING VIEWED FROM

EQUIFREQUENCY-SURFACE CONFIGURATIONS
=0.1(2mc/a) (or a wavelength of 1&), and placed ak

=—4a andy=0 before an eight-layer slab. Even at this The propagation of EM waves through a photonic crystal,
long-wavelength domain, there still exist regular out-goingWhich is a highly inhomogeneous medium in its nature, usu-
radiation patterns in the opposite side of the slab, which cadlly Withesses some strong scattering effects. This makes it
be said to diverge from a black spot in the vicinity of the difficult to describe the propagation behavior in a simple yet
right surface of the slab. Since the wavelength is about twgccurate way. However, recently a lot of theoretical and ex-

: 1213161 ]
times the slab thickness, no apparent guiding channel can therimental practicés ‘have shown that the overall be

found within the slab. This phenomenon might be better ex: avior of the wave propagation within a photonic crystal can

plained by a complex scattering effect occurring in the nearpe well described, at least qualitatively, by a model based on

field domain, where the EM wave will not witness the optical the equifrequency-surface configuration of the photonic crys-

. . . tal and the related group velocity, which is parallel to the
properties of the bulk photonic crystal material as an eﬁec'equifrequency-surface normal direction.

tive homogeneous medium. _ , We have employed a plane-wave expansion méftfddo

We have also considered imaging by thick photonic cryS<gcyjate the TM-mode band structures and equifrequency-
tal slabs. We find that no guiding channel is formed withingrface contours of the photonic crystal discussed in the
the slab, and as a result no apparent imaging effect exists fypoye sections. The results are displayed in Figéa)l4nd
these samples. Figure 9 displays the calculated field patterngyp), respectively. 441 plane waves are adopted in the cal-
for a near-field point source placed)at —a andy=0 be-  culation, and good convergence has been reached. 1681
fore a 48-layer thick slab. The source is excited at frequencgloch’s wave vectors within the first Brillouin zone are used
0.17, 0.15, and 0.1(2c/a) in Figs. 9a), 9(b), and 9c),  in constructing the equifrequency surface contour. As can be
respectively. It is clear that the thick slabs can not serve as seen in Fig. 1), a complete TM band gap opens between
near-field lens at a frequency domain beyond the all-angl¢éhe first and second bands, and lies at frequencies 0.214
negative-refraction frequency window. The remarkably dif-—0.283(2rc/a). The dashed line represents the frequency
ferent imaging properties of a thin slab and a thick slab, a®.192(2rc/a), at which negative refraction occurs. It is lo-
can be found by comparing Fig. 8 with Fig. 9, indicate thatcated in the fundamental band, but is close to the band edge.
the imaging effect for a thin slab may be induced dominantlyTherefore some strong scattering effect can be expected.
by a complex wave-scattering effect in the near-field space In Fig. 10b), the equifrequency-surface contours at sev-
domain and in the long-wavelength regime. eral relevant frequencies such as 0.1, 0.15, 0.17, and
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08 ——— T~ group velocity is exactly collimated with the wave vector.
The equifrequency-surface contour configuration in Fig.
10(b) can help us to qualitatively explain some of the imag-
I, ing properties of the photonic crystal slab. First of all, a
collimation over external incident diverging waves can be
expected for the slab, especially for those wave components
confined within a modest incident angle consistent with the
part-l domain in Fig. 1(®). Such a self-collimation feature
00 . , , , has been found in other NIM and photonic crystal
@) r X M r structures®~8This feature can well explain a highly regular
guiding channel found in Figs. 6 and 7, where the source is
well away from the slab and has a relatively small diverging
- - M angle with respect to the slab. It can also contribute to the
/ Yo X i \\ formation of a less regular guiding channel in Figs. 3-5,
where the light source is located within the near-field domain
0.5 - of the slab. Yet, in these latter structures, the self-collimation
feature can be intertwined with the complex near-field scat-
tering effect as well as the negative refraction for the wide
angle wave components in determining the complex propa-
gation behavior of the wave through a thick slab, such as
those found in Figs. @), 4(d), and §d). In the near-field
domain, the slab does not behave dominantly as an effective
homogeneous medium whose refraction properties are gov-
, / erned by the equifrequency-surface contour configuration. As
(b) ° Blgjh wave‘:(;ctork ) the excitation frequency is lowered to 0.17, 0.15, and 0.1
g (2mcla), the self-collimation effect is absent according to

FIG. 10. () Photonic band structures art) equifrequency- the nearly circular eqwfrgquency-surfacg contours shovyn in
surface contour plots for the 2D photonic crystal studied in thisFig- Ab). In these situations, the formation of a near-field
paper. The photonic crystal is composed of a square lattice of diimage in Figs. &)—(c) may be induced by complex near-
electric cylinders withe=14 andr=0.3a embedded in the air field scattering effect for these relatively thin slabs.
background, and is excited at the TM polarization mode. The above numerical simulations and analyses over the

equifrequency-surface contour configuration all indicate that

0.192(2rc/a) are demonstrated. All curves are convex ev-the imaging effect in the photonic crystal structures is not
erywhere. The 0.1 and 0.15 contours are very close to governed by the simple refraction law expected for a NIM,
perfect circle, and therefore the group velocity at any poinut rather by a self-collimation effect intertwined with com-
of the contour is collimated with thie vector, indicating that ~Plex near-field wave-scattering effect. As a comparison, the
the crystal behaves like an effective homogeneous medium &{l-angle negative-refraction effect contributes little to the
these two long wavelengths. The 0.17 contour is a little bitmaging behavior of this photonic crystal NIM. In addition,
distorted from a circle, with the distan¢k| along the(11) N0 apparent retrieval of the evanescent wave information ex-
direction slightly(about 3% shorter than along thél0) di- ISt in the current structure, as can be most _clearly seen in
rection. The 0.192 contour is significantly distorted from aFigs. 6 and 7. This is in contrast to the analysis made in Ref.
circle. In most part of the contoupart-1 domain, which is 7 for @ NIM. In Ref. 13, another photonic crystal made from
centered around th@1) direction, the curve is quite flat and air cylinders in a dielectric background and excited by the
has the surface normal pointing to ) direction, while in ~ TE polarization mode is shown to exhibit an all-angle
the other small partpart-ll domain near the Brillouin-zone negat!ve—refractlon _effeqt in a certain low-frequency window,
edge(line XM), the surface normal is directed towards Me @t which the near-field imaging effect also happens. As the
point. As the group velocity,(k) for a given Bloch’s mode ~€duifrequency-surface contour configuration thisee Fig. 1
characterized by is parallel to the equifrequency-surface in Ref. 13 is very similar to Fig. 1(b) here, it is more likely
normal at thisk point, we see that the group velocities of the that the imaging effect observed in Ref. 13 is also domi-
excited Bloch's wave within the photonic crystal in the nantly induced by the self-collimation and near_—fleld scatt'er—
part-ll domain is pointed towards thé point, and corre- "9 effe_cts rather than the all-angle negative-refraction
sponds to an apparent negative refraction direction for th&€chanism.
photonic crystal slab studied above, which has a surface nor-

mal parallel to(11) direction. In contrast, in the part-l do-

main, the group velocity would point dominantly along the

(12) direction, and at most slightly lear@ithin a few de- In summary, we have systematically investigated lensing
grees towards the negative refraction direction. Perhaps thiof EM waves by a certain 2D photonic crystal NIM slabs.
is why the term of all-angle negative refraction is entitled toWe find that point sources placed in the vicinity of the slab
this photonic crystal slab in Ref. 13. At tli#1) direction, the  can form images by the slab. However, the image is strongly
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confined in the near-field region, and the image distance hakat the imaging by this particular material is not a simple
little dependence on the source distance and the slab thickefraction behavior expected from Snell’s law for an effec-
ness. A guiding channel has been found to form within thetive homogeneous NIM, and thus not “lensing” in its tradi-
slab connecting the near-field source and image. When thgonal meaning. We hope that the analysis presented for this
source is moved beyond the near-field space domain, thgarticular NIM material will stimulate assessment of the su-
imaging effect strongly degrades. On the other hand, neagerlensing effect in other NIM materials’ An efficient
field image can also form by a slab with a positive effectivergyte towards evaluation of the real physical mechanism be-
refractive index. We have analyzed the equifrequencyhind an observed complex imaging phenomenon may be the

surface contour configuration of this photonic crystal andinyestigation of the role which the refraction law might play
found that the formation of the guiding channel is induced byin the formation of the image.

the collimation feature of the group velocity associated with
the excited Bloch’s wave within the photonic crystal. The
overall imaging properties of this photonic crystal slab are
dominantly governed by the self-collimation effect and com-
plex near-field wave scattering effect. As a comparison, the Ames Laboratory is operated for the U.S. Department of
all-angle negative-refraction mechanism cannot explain satEnergy(DOE) by lowa State University under Contract No.
isfactorily the observed imaging behaviors. These indicat&V-7405-Eng-82.
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