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A thin multilayered structure with interleaved nonspherical metal-dielectric composites slices and dielectric
slices may be modeled as the metamaterial with anisotropic permittivity. The signs of diagonal elements of the
permittivity tensor can be controlled by the particles’ shape, the volume fraction of metal particles, and the
incidental wavelengths. To one’s interest, when the spheroidal nanoparticles are oblate in shape, the wave-
length range in which components of the permittivity have different signs is widened, and the magnitude of
optical absorption band becomes weak. Since both physical anisotropy and low absorption are helpful for
improving the subwavelength image resolution, the multilayered structure containing metal-dielectric compos-
ite layer of nonspherical particles may be designed as a superlens device. In addition, the incident wavelength
and the number of nanolayers are found to play crucial roles in enhancing the evanescent field performance

too.
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I. INTRODUCTION

Conventional optical lenses based on ordinary positive
materials are not able to overcome the standard diffraction
limit, since the evanescent waves carrying the subwave-
length details of the source exponentially decay in free space.
However, for a planar slab of metamaterials with the refrac-
tive index being —1,' both propagating and evanescent waves
contribute to the resolution of the image, hence, attaining
perfect resolution. Later, Pendry’s “perfect lens” was shown
not to exist for realistic dispersive and lossy materials.> In
spite of this, numerical simulations showed that a slab of
silver as a lens can create images with subwavelength reso-
lution by the amplification of evanescent field within the slab
via the surface plasmons.! The proposal was further verified
by experimental results,>* which demonstrated the reality of
subwavelength imaging using silver slabs in optical fre-
quency range.

Recently, multilayered structures containing alternating
layers of metal and dielectrics attract much attention due to
the improvement of subwavelength image performance rela-
tive to a single slab.>™!! The mechanisms for the realizations
of superlens were generally different. For instance, the mul-
tilayered structures in Refs. 5 and 6 were found to be helpful
to reduce the effect of absorption, resulting in better image
resolution in the near-field zone. A transmission device
formed by a periodic metal-dielectric layered structure was
demonstrated to possess subwavelength imaging based on
the canalization mechanism, i.e., without involving negative
refraction and amplification of evanescent modes.” Later, in
the same structure, the Fabry—Pérot resonance effect was
also utilized to improve the subwavelength imaging quality.?
Furthermore, for structures with much thinner metal and di-
electric layers,”!%!2 the effective medium concept was im-
portant to determine the subwavelength imaging perfor-
mance. Through tuning the permittivities or the thicknesses
of individual layers, one obtained Re(e,,)>0 and Re(e,,)
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<0 from the homogenization theory, where ¢, is the effec-
tive permittivity tensor for the whole structure. It was further
shown that the selection of low-loss materials and suitable
incident wavelength has a significant impact on the subwave-
length image performance. In this paper, we shall study the
optical properties of a multilayered structure containing al-
ternating nanolayers of metal-dielectric composites and di-
electrics. For metal-dielectric layers, both metal and dielec-
tric nanoparticles are assumed to be nonspherical in shape.'3
In this connection, the introduction of the particles’ shape
provides an alternative freedom to tune the anisotropic opti-
cal properties of the structure, and hence, may be useful for
the improvement of subwavelength imaging performance.'#
Similar as in Refs. 7, 9, 10, and 15, we may regard this
multilayered structure as a homogeneous effective metama-
terial with anisotropic dielectric permittivity under the qua-
sistatic approximation. The metamaterial with anisotropic
property may translate the high-frequency wave vector val-
ues from evanescent modes to propagating modes, and focus
these modes to form a subwavelength image.'® Through tun-
ing the nanoparticles’ shape, it is possible to change two
components of the effective permittivity tensor and reduce
the absorption in the metamaterials. As a consequence, the
subwavelength image performance will be found to be
strongly dependent on the nanoparticles’ shape, the incident
wavelength, and so on.

The paper is organized as follows. In Sec. II, we describe
the model for the multilayered structure containing nanolay-
ers of metal-dielectric composite and dielectrics, and estab-
lish our theory. In Sec. III, the dependence of subwavelength
image performance on the particles’ shape, the incidental
wavelength, and nanolayer numbers is investigated. In Sec.
1V, we summarize our conclusions and discussions.

II. THEORETICAL DEVELOPMENT

We consider a multilayered structure composed of alter-
nating metal-dielectric composite nanolayers and dielectric
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FIG. 1. Schematic for the multilayered structure composed of
alternating Ag-SiO, composites layer and SiO, dielectric layer.

nanolayers, as shown in Fig. 1. For the composite layer,
spheroidal metal particles of permittivity ¢,,, volume fraction
p, and spheroidal dielectric particles (of permittivity €; and
volume fraction 1-p) are randomly distributed. Without loss
of generality, we assume both metal and dielectric particles
to be nonmagnetic with permeability w=1. In order to
achieve the physical anisotropy, all nanoparticles in the com-
posite layer are identically aligned with the principal axes
parallel to the z axis. With all length scales much less than
the incident wavelength, one can take a two-step approach to
investigate the effective permittivity tensor of the multilay-
ered structure.!”18

In the first step, one homogenizes the metal-dielectric
layer as a slab with the equivalent permittivity tensor €.
When an external electric field (E) is applied to the metal-
dielectric layer, the local field (E) is written as an integral
equation'®

S€(r) - E(r) = 8€(r) - E,
+ O€(r) - f dr'g(r,x’) - 8e(x’) - E(r'), (1)

where Se(r)= 6e(r)— 5€, and g(r,r’) is the second-derivative
tensor of the Green function G(r,r’).

Under the condition that net polarization for the compos-
ite layer goes to zero, it was shown that Eq. (1) can be
decoupled by the self-consistent equation'?-?!

(T-T5€)7'8€) =0, (2)

where I is a 3 X3 unit tensor and 8€,=¢;— €, (i=m,d). The

tensor I defined by a surface integral is readily evaluated as
follows: 32223

F=-L(&)", 3)

where L is a depolarization tensor. For simplicity, all nano-
particles are assumed to be rotationally spheroidal in shape
with the principal axes being the axes of the spheroids. In

this connection, L is diagonal with components L,=L,=(1
—-L)/2 and L., ie.,
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(1-L)12 0 0
L= 0 (1-L)2 0 |. (4)
0 0 L

Z

In Eq. (4), L, is a geometry-dependent quantity given by?%

& _r1)3/21n(r+ =) (5)

for prolate spheroids with an aspect ratio r=c/a>1, and

1

L= -
1= (1=

Z

5arccos r (6)

for oblate spheroids with r=c/a<1, where a (=b) and c are,
respectively, radii of a spheroid along three Cartesian axes.
Note that L,=1/3 for a spherical particle, L,—0 for a
needlelike particle, and L,— 1 for a platelike particle.

By substituting Egs. (3) and (4) into Eq. (2), one yields

€1x 0 0
e=|0 &, 0], (7)
0 0 €]

z

where €,(=€;,) and €, are the three components of the
equivalent permittivity of the composite layer, which are
simplified as?>?3

pﬂ+(l—p)&=0 j=x.z
€t Lj(fm - Elj) €+ Lj(fd— '51]') ' o
(®)
and its solution admits
€= m{— €,(p—L)—-¢e(l-p-L)
+ \[e,(p—L)+ €1 —p—L)P—4L/(L;— D€, ez
)

As adopted in Refs. 22-25, we assume that the depolar-

ization tensor L is independent of the equivalent permittivity
tensor for the composite nanolayer. In other words, we do
not take into account the effect of dielectric anisotropy on the
depolarization factors. Actually, for a rigorous treatment, one
may resort to Refs. 24 and 26-29. Qualitatively, the consid-
eration of the anisotropic property tends to minimize the ec-
centricity of the spheroid, and thereby weakens the physical
anisotropy of the composite layers.?*

In the second step, we estimate the effective permittivity
tensor of the whole multilayered structures €, with the

form?-9:10.30
€, 0 0
=10 ¢, 0], (10)
0 0 e,

where its diagonal components are determined by
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1
_fl/flz +fol &,
(11)

where f(=d,/d) and f,(=d,/d) (d=d,+d,) are the ratios of
two layer thicknesses, and e, is the permittivity of dielectric
layer. It is evident that the multilayered structure is uniaxi-
ally dielectric, and the uniaxial anisotropy leads to the nega-
tive refraction.’! Incidentally, Yannopapas et al.3? considered
the metamaterials with negative refractive index consisting
of the polaritonic and plasmonic spheres. The polaritonic
resonance is responsible for the existence for negative effec-
tive permeability, while the plasmonic resonance is respon-
sible for negative effective permittivity. In this connection,
the metamaterials can exhibit negative refractive index be-
cause of both negative permittivity and negative permeabil-
ity, and the subwavelength image resolution in such metama-
terials is due to the near-field amplification.®

Under present circumstances, the electric and magnetic
responses of materials are decoupled. Since the structure is
nonmagnetic (u=1), we take a two-dimensional light beam
of transverse magnetic polarization with its wave vector in
x-z plane only. The dispersive relation for these waves is

given by
Kok 2 (2m)?
1o 0 R

ez ex

€y = €y = €,f1+6&f, and e,

From Eq. (12), it is easy to find that when both €,, and e, are
positive (€,,# €,,), the relationship between k, and ., is el-
liptic. In this case, k,, is real for small k,, indicating the
propagating waves, and k,, is imaginary for large k,, corre-
sponding to the evanescent waves. However, when €,, and
€,. have opposite signs, one yields (i) €,,>0, €,,<0 and (ii)
€,,<0, €,>0. For the former case, k,, is always real for any
k. and all frequency components are propagating. On the
other hand, for the latter, the high-spatial frequency compo-
nents with large k,, which would normally be evanescent in
the free space, correspond to propagating waves now. There-
fore, in these two cases, subwavelength details (with large
k,) can be delivered to the imaging plane through the multi-
layered structure, and good subwavelength imaging may be
obtained. Although our analysis is valid for real permittivity
without loss, the lossy case can be qualitatively understood
in a similar way.!%16

Here, we would like to mention that because the metal-
dielectric composites slab is anisotropic, the high-spatial fre-
quency components with large k,, which would normally be
evanescent, may propagate in such anisotropic composites
when €,, and €,, possess opposite signs,>!*!® resulting in
subwavelength image resolution. However, for previous
composite films of nonspherical shape,'* since the particles
are randomly oriented, the equivalent permittivity is isotro-
pic in essence. For subwavelength imaging, the equivalent
permittivity should be equal to negative permittivity of the
surrounding medium. Therefore, the near field components
are evanescent in the composites slab, but may be amplified
due to the excitation of surface plasmon at the interface.
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FIG. 2. (Color online) The effective dielectric permittivity such
as Re(e,,) (black solid lines), Im(e,,) (black dashed lines), Re(e,.)
(red solid lines), and Im(e,,) (red dashed lines) as a function of the
incident wavelength \ for the metal volume fraction p=0.4.

III. NUMERICAL RESULTS

We are now in a position to perform numerical calcula-
tions. We consider the multilayered structures containing al-
ternating nanolayers of Ag-SiO, and SiO,. The permittivity
of silver is given by the Drude model,'*1>34

2
Y%
(13)

7 .o
Em—6m+l6m—60—w(w+ir),

where ¢, is the contribution due to interband transitions (g,
=5), w, is the bulk plasma frequency (w,=9 eV), and I' is
the relaxation constant (I'=0.02 eV). In what follows, we
only consider the case that d;=d,. As a result, the metal
volume fraction p and the depolarization factor L, are the
key factors to control the signs of the components of €,. In
addition, to avoid the nonlocal dispersion,*-3¢ we do not con-
sider the extreme case such as L,—0 and L,— 1, and only
aim at those for finite spheroidal particles with intermediate
oblate or prolate shape.

Figure 2 shows the real (solid lines) and imaginary parts
(dashed lines) of the effective permittivity for a Ag-SiO,
composites and SiO, multilayered structure as a function of
the incident wavelength A. For the four graphs, there is al-
ways one region where Re(e,,) and Re(e,.) take the opposite
signs. For instance, for L.=0.1 (probate particles), one can
find that Re(e,,) is positive, while Re(e,.) is negative in the
wavelength region around 0.56 wm, as shown in Fig. 2(a).
For the other three graphs, the inverse case is obtained, that
is, Re(e,,) <0 and Re(e,,)>0. As we showed before, the
metamaterials with such anisotropy can translate the high-
frequency wave vector values from evanescence to propagat-
ing. With the increase in the depolarization factor, the wave-
length range, where Re(e,,) and Re(e,,) take the opposite
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signs, is widened. In detail, for L,=1/3 (spherical nanopar-
ticles), the wavelength regime is around 1.08-1.2 um; and
for L,=0.6 (oblate nanoparticles with small deviation from
the spherical one), a range from 0.75 to 1.2 wm is found,
obviously wider than the one for L,=1/3. To one’s interest,
for L,=0.8 (oblate particles with large deviation from the
spherical shape), one can obtain a wavelength range of
0.63—-1.2 um, which covers a longer part of the visible spec-
trum. Furthermore, it is found that the imaginary part of the
effective dielectric permittivity exhibits a broad surface-
plasmon absorption band due to the electromagnetic interac-
tions between individual grains. The effect of absorption is
known to be deleterious for the image transfer.’ For spherical
particles, the absorption band is wide and the magnitude in
the band is large. Interestingly, when nanoparticles in com-
posite layer are oblate spheroidal in shape, the absorption
band becomes narrower, and the corresponding magnitude is
much lower than the one for spherical case. Therefore, the
adjustment of the particles’ shape may result in tunable
physical anisotropy and low dielectric absorption, and
thereby improve subwavelength image resolution. However,
since each composite layer is thin, the size of metal particles
along z axis should not be large. As a consequence, we shall
aim at the oblate case, in which Re(e,,) <0 and Re(e,,)>0.

The subwavelength imaging lies in the enhanced trans-
mission of the high-spatial frequencies of the source field.
For a multilayered structure with the total thickness d, the
plane wave transmission coefficient is

4€ex€0kezk02
2 —ik,.d 2 ik,.d’
(Gexka + GOkez) e = (GexkOZ - EOkez) e«

(14)

(k) =

where koxz\e"k(z)eo—kf and kezz\rkéeex—k)zceex/ €., are the z
components of wave vectors in the free space with the per-
mittivity €, and the effective medium, respectively.

Figure 3 shows the transmission spectra for various depo-
larization factors with A=800 nm [Fig. 3(a)] and incidental
wavelengths with L.=0.6 [Fig. 3(b)]. In Fig. 3(a), for L,
=1/3 (green dotted lines), both components of the effective
permittivity are positive [see Fig. 2(b)]. As a result, the trans-
mission coefficient is close to unity for small wave vectors,
but it sharply drops for large k,, corresponding to evanescent
waves. For L.=0.6 (red dashed lines), since the components
of the effective permittivity take the opposite signs
[Re(e,,) <0 and Re(e,,)>0], one would expect large range
of k, for which T is almost unity. However, this is not the
case due to large dielectric losses for L,=0.6. Even so, the
exponential decaying rate for large k, is still less rapid than
that of L ,=1/3. To one’s interest, peculiar oscillatory behav-
ior appears for L,=0.8 (black solid lines). In detail, the trans-
mission coefficient has a series of peaks, decreasing in mag-
nitude. For the first resonant peak, the wave is
nonpropagating inside the system due to the imaginary k.,
and hence the resonance results from the coupled surface
plasmons located on the surface of the system. On the other
hand, for the resonant peaks for higher wave vectors, the
wave is propagating due to Re(e,,) <0 and Re(e,.) >0 with
small losses [see Fig. 2(d)], and the resonant peaks corre-
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FIG. 3. (Color online) The transmission spectra as a function of
normalized wave vector k,/kg. (a) A=800 nm, and L,=0.8 (black
solid lines), 0.6 (red dashed lines), 1/3 (green dotted lines); (b) L,
=0.6, and A=1100 nm (black solid lines), 800 nm (red dashed
lines), 600 nm (green dotted lines). The total thickness of the struc-
ture d is set to be 400 nm.

spond to Fabry—Pérot resonances-standing waves inside the
system. ' Therefore, good subwavelength imaging resolution
should be found for L,=0.8.

Figure 3(b) shows the influence of the incidental wave-
lengths on the optical transmission of the multilayered struc-
ture with the depolarization factor L,=0.6. As evident from
the figure, the transmission spectrum varies with the inciden-
tal wavelengths. For the incident wavelength A=600 nm
(green dotted lines), both components of the effective per-

T T T

—— Effective medium

2 — —-40 layers
1074 - - - - 20 layers 3
—-— 8 layers

k /K,

FIG. 4. (Color online) The transmission spectra for effective
medium case (black solid lines), n=40 (red dashed lines), n=20
(green dotted lines), and n=8 (blue dashed-dotted lines). The rel-
evant parameters are L,=0.6, A\=1100 nm, and d=400 nm.
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mittivity are positive, and no evanescent waves performance
accordingly exists. However, for A=1100 nm (black solid
lines) (in the near-infrared frequency range), one observes a
broad transmission spectrum with a series of resonant peaks
even for large transverse wave vectors k,. The broad trans-
mission spectrum for large k, results from that the wave is
still able to propagate in the composite nanolayers, and
shows good evanescent field performance clearly.

It is known that in order to obtain a better subwavelength
image resolution, one may increase the number of layers,
while keeping the total length of the multilayered structure
fixed.> Figure 4 shows the influence of the number of layers
N on the transmission spectra for the total length d
=400 nm. We find that when the transmission coefficient 7
drops to 1X 1074, the cutoff transverse wave vector k, is

PHYSICAL REVIEW B 77, 195121 (2008)

increased and the subwavelength image resolution is im-
proved with the increase in N or the decrease in each layer
width.? Therefore, to obtain good evanescent field perfor-
mance, the layers should be thinner, for which the effective
medium theory can describe the system well.'”

In what follows, we further investigate the effects of the
particles’ shape and the incidental wavelength on the sub-
wavelength imaging. In this connection, we shall consider
the image of an infinitely thin line source, lying along the y
axis. The metamaterial slab consisting of the multilayered
structure is placed next to the line source. If we neglect the
radiations reflected from the structure, which will generate
the additional currents, we can estimate the x component of
the transmitted field as'”

E;M=J f eikxx+ikyy+ik02(z—d)—isz( k2 ) 0( ;{k dk, dk (15)
—0oC —00 y

For a line source, because it is uniform in strength and infinitely long, one yields E(k,)> &(k,). Then, Eq. (15) can be

simplified as

ik x+ik,(z—d)—iwt

o]
ETM EO 4Eex€0k koze
X 2 —ik,.d 2 ik,.d
kO —o0 (EexkOZ + eokez) ezt — (Eexk()z - EOkez) e

In Fig. 5, we plot the intensity of the transmitted field for
various depolarization factors and incidental wavelengths as
a function of kyx. In Fig. 5(a), we note that the intensity |E,|*
for L,=0.8 (black solid lines) is amplified with respect to the
cases for L,=0.6 (red dashed lines) and L.=1/3 (green dot-
ted lines). In addition, for L,=0.8, the sharp image peak of
the line source is clearly observed, and the full width at half
maximum for |E,|> (~0.043\) is considerably smaller than
0.7\ for L,=0.6. This suggests a subwavelength imaging op-
eration of the multilayered structure containing oblate sphe-
roidal particles. On the contrary, for L.=1/3 (the spherical
shape), the intensity of |E,|* has a very low value and almost
approaches zero, so that the resolution is not referred here. In
Fig. 5(b), both the positions of the image peaks and the im-
aging quality are found to be variant with the change in
incident wavelengths, as expected. For A=1100 nm (black
solid lines), the sharp image peak appears at about kyx=2.3,
and an approximate subwavelength resolution of about
0.043\ is achieved. However, for the other two cases, the
intensities of the transmitted field |E,|* have very low values,
and thus a poor imaging performance. Therefore, we make a
conclusion that the subwavelength imaging is strongly de-
pendent on both the particles’ shape and the incident wave-
length.

In the end, we examine the effect of the layer width on the
subwavelength imaging, by calculating the transmitted field
intensity. Figure 6 shows the transmitted electric field inten-
sity, plotted as a function of kyx for various different layer
numbers. The position of the peaks is found to be propor-

dk,. (16)

tional to the layer width. As the layers get thinner, the image
peak goes sharper, and thereby the better subwavelength res-
olution may be achieved.

IV. CONCLUSION

We have studied the “multilayered superlens,” composed
of alternating layers of the metal-dielectric nanocomposites
and dielectric materials. This class of “superlens” can trans-
late the evanescent (near-field) waves to propagating waves
under the condition that two components of the effective
permittivity take the opposite signs. In our model, such a
condition can be realized by tuning either the shape of me-
tallic particles or the incident wavelengths. We further show
that when the nanoparticles of composite layer are oblate
spheroidal in shape, the region, in which the components of
effective permittivity take opposite signs, becomes wide, and
the corresponding absorption is low. As a consequence, one
expects that the subwavelength image resolution can be im-
proved through tuning the nanoparticles’ shape. This is nu-
merically demonstrated by our calculations of both the trans-
mission spectra and the image of the line source.

Here, we would like to add a few comments. We show
that when the layers get thinner, the subwavelength imaging
is better, for which effective medium theory describes well.
As one knows, effective medium theory is valid when inho-
mogeneities are much smaller than the wavelength in both
parallel and normal directions.'”” To obtain an appreciable

195121-5



LIHONG SHI AND LEI GAO

60
(a)
404
Ex
20
o— J S~
45 T T
(b)
—2=1100nm
30 — — -2=800nm |
N - - - - A=600nm
Ex
-~ —[r1o0]
151 , Se ]
. _[m] T
- »// TN T
0 1 -
0 2 4 6

FIG. 5. (Color online) The transmitted field intensity for a line
source for (a) L,=0.8 (black solid lines), 0.6 (red dashed lines), and
1/3 (green dotted lines); (b) A=1100 nm (black solid lines), 800
nm (red dashed lines), and 600 nm (green dotted lines). The dis-
tance from the image plane to the multilayered structure is 10 nm.

subwavelength resolution, the size of metal-dielectric com-
posites is required to be about ten to several ten nanometers.
With the development of nanotechnology, the fabrication for
such metal-dielectric composites is fully achievable.”!> On
the other hand, effective medium theory has its limitations,
as pointed out in Ref. 37. Since no exact theory exists at
present, effective medium theory can still be used as a first
step to estimate the permittivity of the nanocomposites. Ac-
tually, for better subwavelength imaging of the multilayered
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FIG. 6. (Color online) The transmitted field intensity for differ-
ent layer numbers for effective medium case (black solid lines), n
=40 (red dashed lines), and n=20 (green dotted lines). The relevant
parameters are the same as those in Fig. 4.

structure, the resonance region was always excluded due to
large absorption.!*!> More recently, Arnold* reported that
by controlling the amplitude and phase of the reflection, the
quality of subwavelength near-field images can be signifi-
cantly improved. To achieve the desired reflection, one may
use plasmonic reflectors to require enhancement of the eva-
nescent fields. Here, plasmonic reflectors may be replaced
with reflectors made of metal-dielectric composite films, and
many freedoms such as the particles’ shape and the volume
fraction can be adjusted.
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