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Imaging properties of a metamaterial superlens
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(Received 24 September 2002; accepted 18 November) 2002

The subwavelength imaging quality of a metamaterial superlens is studied numerically in the wave
vector domain. Examples of image compression and magnification are given and resolution limits
are discussed. A minimal resolution af6 is obtained using a 36 nm silver film at 364 nm
wavelength. Simulation also reveals that the power flux is no longer a good measure to determine
the focal plane of superlens due to the elevated field strength at exit side of the metamaterial slab.
© 2003 American Institute of Physic§DOI: 10.1063/1.153671]2

Metamaterials have opened an exciting gateway to cre2a; the separation from the current sources to the slab is
ate unprecedented physical properties and functionality unattefined as the object distanag, The electromagnetic field
tainable from naturally existing materials. The “atoms” and due to TM sources)(r)=218(r—r'), located atr’=(x
‘molecules” in metamaterials can be tailored in shape and=+5 7= —vu), travels through the metalens of thickness

size; the lattice constant and interatomic interaction can bgiy, designed propertiesy, anduy, , and reaches medium 2
artificially tuned, and “defects” can be designed and placed, a6 the images are formed at a distande the right-hand
at desired locations. Pioneering work on strongly modulate%ide of the lens

photonic c_rystal’s represent a giant step in engineered The imaging capability associated with the LHM slabs is
metamaterials. The recent discovery of left-handed metam%— d on the effect of i fractfol F ial
terials (LHM )23 with negative effective permittivity and per- °25€d 0n the eflect of negalive refraction.=rom paraxial-

meability over a designed frequency band has attracted iff@Y reatment in geometric optics, the refracted wave from
creasing interest in this field. A medium of this type wasthe object will converge first inside the slab to produce a 2D
termed “left handed” originally by Veselagbbecause for an image by transformation:x( 'y, —u)—(x, y, [ny/n|u);
electromagnetic plane wave propagating inside the LHM, th@s the waves advance to reach the other surface of the slab,
direction of Poynting vector is opposite to the wave vector. negative refraction occurs again to produce a second image
Veselago suggested that a rectangular slab of LHM couldéh the half space of medium 2, located ax, f/, (1
focus the electromagnetic radiation. More recently, Pehdry+|n,/ny|)d—|ny /ny|u). Therefore, paraxial analysis pre-
predicted an intriguing property of such a LHM lens: Unlike dicts that the image produced by a slab metalens is charac-
conventiqnal optical components, it will focus both the terized byv =|n,/ny|d—|ny /n.|u.
propagating spectra and the evanescent waves, thus capable 1o image quality of this model system can be quanti-

of achieving diffraction-free imaging. From the quasistaticfied using the conventional optical transfer functi@®TF),

theory, Pendry further suggested that for near-field iImagingyefine y a5 the ratio of image field to object fightg/H o,
the permittivity and permeability of the metamaterial can be . .

. . . I with given lateral component of wave vectéy. From
designed independently in accordance with different polar-

ization. For example, a thin metal film with a negative ValueFresneI’g formula of the stratified medium, t.he optical trans-
of permittivity is capable of imaging the transverse magnetid®' function of the metalens can now be written as
(TM) waves of the near-field object to the opposite side, with
a resolution significantly below the diffraction limit. P e s

However, Pendry’s quasistatic theory did not address the X3
following questions: How does the loss and dielectric mis- I
match affect the imaging quality? Is it possible to achieve |
reduction or magnification with LHM? What is a good mea-
sure of the depth of focus in the superlens? In this letter, we T’\
present the full-wave numerical results by considering the

|
. . - . |
retardation effect in attempt to answer these questions. Fig-! — 2a j 0
ure 1 depicts the two-dimensioné2D) imaging system in | l I
our study. For simplicity without loss of generality, we con- l

sider the imaging quality of two monochromatic line current |
sources transmitting through a metamaterial slab. The

sources are embedded in medium 1 with uniform and isotro- |
pic permittivity £, and permeabilityw,, displaced by width o S

€45 Ky

FIG. 1. The model of a LHM lens under the radiation of two line current
3E|ectronic mail: xiang@seas.ucla.edu sources.
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OTF(k,) - STYLIVP) exp(iBMd)exp(iﬁ_1U)eXp(iBzv) , 10°
1+rmr v €Xp(2i Byd) ) :
(1) 1074 "“
where By=emumeomo(w/c)>—k;, and t and r are 10" )
Fresnel coefficients of transmission and reflection at inter- ] !\ T el
faces indicated by subscripts. Please note that for a perfect = 10y cal(e) - \
imaging system, the OTF should remain constant regardless a--- Y5
of the variation ofk,. 1000 401 Y
In order to find the imaging properties, we decomposed 2] -0.95 Y
the incident object fielH,; at (—u<z<0) impressed by 10 2 4 8 12 14

the object into superposition of lateral components with the

help of the Weyl integral:
Hobj(x,_U<Z<0)
_VXZ (=

T A

explik,x+iB1|z+ul)
i1

wherel (ky,81) represents the Fourier transform of line cur-

rent sourcd 8(r—r’).

As a result, the image field at focal point=d+v is
simply the convolution of the source field and the OTF:

exp(ikyX
Ml(kx)omkx).
181
()
A key function of the metalens is to transmit the lateral
field component of an object at a large spatial frequency

with enhanced amplitude. In symmetrical casg=e,=1
and u;= u,=1), the TM transmission coefficieft, reads:

. 4enB1Pm
P (emBrt Bu)> exp(—iBud) —(emBr—Bw)? eXpliByd)”

I(ke.B), (2

X

—

VXZ (=
Himg(X,Z=d+v)= ?J‘_ dkx

(4)
It can be further simplified to
TP:28M31(1/L+_1/L7), (5)

where L™ =gy 8,+ By tanh(=igyd/2) (Ref. 7 and L~
=gy B1+ Bm coth(=iBydi2). Thus, for largek, and ey,
# —1, the off-resonance transmission reads:

Tp~8ey(en+1) 2exp(—|k,d). (6)

It can be seen from Ed6) thatTp decays exponentially
with the increasing thickness$. Thus, for a large mismatch
(]de|>1), the resolution limit as a rule of thumb is2d.
Alternately, when the surface resonance occlr$ pr L~

6 10
Spatial Resolution(1/.)

FIG. 2. The MTF of a LHM superlens exhibits lower cutoff due to mis-
match ofe. The thicknessd of the lens isA/10, with u=1, Imag(y)
=0.001. The inset depicts the displacement of surface resonance peak as a
function of mismatch ot.

variance ofey, should be better than 1%. Interestingly, the
cutoff of a spatial resolution always follows the resonant
peak due to the excitation of surface waves. As a practical
rule, we can locate these peaks as a guideline of the cutoff of
the spatial frequency. In the quasistatic limit, the peaks can
be predicted by mak(/ky)=X\log(2/ds|)/2md. This is in
good agreement with our simulation, as shown in the inset of

[ (a)

|Real(S(x,z=d+v))| (a.u.)

0.00 4—s .

(b)

0.04 -

—0), the transmission is at a local maximum. Therefore, the
field components near the resonance are disproportionably
enhanced in the resulting imafe.

Although LHM'’s are realized in the microwave
range?>19 essential engineering methods have to be devel-
oped in order to meet the critical demand of desired values of

—

<

o
1

Y 4

0.08 4

-1dB

e and u toward a functional superlens. As an initial effort,
we focused on the negativeproperties since this is the only

relevant material response to TM light in the electrostatic

limit. To illustrate the sensitivity of image resolution depen-

0.12

dence on the material properties mismatch, we plot thé&lG.3. (a) The image collected at the paraxial focal plane with the original

modulation transfer function (MTF|OTH?) of a metalens
due to mismatch ot in Fig. 2. It is clear that in order to
achieve a high spatial resolutiorc(/10) in a metalens, the

sources separated hy6; Panel(b) shows the logarithmic contour of power
density |[Real(S(x,2))| in medium 2 for the case of&@=\/6, ey=—2.4
+0.27, £,=2.368, antk,=2.79. The dashed line ifh) corresponds to the
paraxial focal plane.
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Fig. 2. Furthermore, it turns out that the effect of loss char-effect is related to the decaying nature of the evanescent
acterized by the imaginary part ef can also be approxi- field. In order to restore the strength of the evanescent field at
mated in this equatioft In the case of Imag(y,)=0.4, the the image plane, the field strength is indeed much higher on
result is approximately 2.6, indicating a resolution-ek/3.  the surface of the superlens. The elevated evanescent field
Taking the loss of natural metal at optical frequencies intostrength at the exit of the superlens outweighs the contribu-
account, the constraints of near-field imaging still exist at theion from propagating waves, so that the phase cofitour
current stage in order to achieve subwavelengththe streamline of Poynting vectdiinstead of the power flux
resolution'?>?® yet the metalens does indeed offer signifi- should be chosen as a measure in determination of the focal
cantly improved contrast. In concert with future physical dis-plane. On the other hand, the “paraxial” image planevat
coveries of metamaterials, applications of the metalens te=|n,/ny|d—|ny/n;|u is still helpful as it offers the opti-
far-field imaging will come true. mal intensity contrast of the transferred imdgeslthough

It is clear from this discussion that to further improve thethe definition of the depth of an image field remains to be
resolution limit in the superlens, we must consider a surte-examined in the case of the superlens.
rounding medium with dielectric functiom>1. For in-
stance, we select medium 1 to be glass=2.368), and
medium 2 to be a photoresist{=2.79). In this case, we are
facing a slightly asymmetric condition, with Imagy)
=0.27. The simulation result of average Poynting vecto
|Rea|(S(X, Z))| at the paraxial focal planez=d+v, is (Grant No. N00014-02—1—022,4and the NSF(Grant No.

shown in Fig. 8a). It can be found that a resolution 8f6 is DMII-9703428.
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