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Abstract: This work deals with the near-field, sub-wavelength imaging of nanoscale objects using a thin silver 
film (near-field lens, NFL). As an example object, we consider a thin circular nanowire illuminated by a p-
polarized plane wave. The simulation considers the coupling between the object and the lens and is based on 
the addition theorems of cylindrical and plane waves. We compare the realistic imaging regime with object-
image coupling versus an artificial regime with no coupling effect. In addition, the localized field enhancement 
transfer is also investigated with realistic loss in the film. The simulation results show that a shadow image of 
the wire can be obtained at the imaging plane. The results also demonstrate that the field enhancement result-
ing from the localized surface plasmon resonance at the wire surface can be transferred to the other side of the 
lens. The coupling between the wire and the lens acts to decrease the overall enhancement transferred to the 
imaging side of the lens. 
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1. Introduction 

Negative index metamaterials (NIMs) have attracted extensive attention recently [1]. One of the applica-
tions of NIMs is sub-wavelength near-field imaging (NFI), which uses a thin slab of NIM as a superlens. 
The general requirements for NIM functionality are ( )Re 0ε <  for permittivity and ( )Re 0µ <  for per-
meability� Recently it was pointed out by Pendry [2] that in the electrostatic limit and for imaging with a 
p-polarized wave, only negative permittivity, ( )Re 0ε < , would be sufficient for NIM functionality. 
Some metals (e.g., silver, gold, and copper) have the required permittivity, and simulation results have 
shown that sub-wavelength imaging can indeed be theoretically achieved by a superlens made of these 
metals [3]-[6]. Subsequent experimental results have confirmed the sub-wavelength imaging capability of 
metallic film lenses [7], [8]. 

In most of the reported simulations, however, the objects imaged are hypothetical slits and are rather 
different from the metal masks used in experiments, since mask-superlens coupling may play an impor-
tant role in the overall result. The role of the mask-superlens coupling has not yet been analyzed in detail. 
Another issue is that typically only the magnetic field is studied in the literature. Although in the far field 
the electric field is proportional to magnetic field, the fields can have different distributions in the near-
field zone. In this paper, we use a circular cylindrical wire as a realistic imaging object, and analyze both 
the electric and magnetic fields in the near-field zone. 

The classical scattering problem of a cylinder in front of a plane interface has been studied by many 
researchers [9]-[13]. Borghi et al. have used an expansion of cylindrical waves to obtain an analytical so-
lution [9], [10], and Valle et al. used the extinction theorem to calculate the field [11]-[13] for such a sys-
tem. In this paper, we use the cylindrical wave approach to study the near-field regime. Our interests are 
not limited to the imaging properties of the silver lens; we are also interested in the field enhancement 
after the lens, since the coupled system has exciting potential applications in techniques such as surface-
enhanced Raman scattering (SERS). 
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2. Mathematical formulation 

The geometry of the wire-lens system is shown in Fig. 1. The NFL is a thin 
silver film of thickness d . An infinitely long, thin wire (a circular cylinder) is 
placed in front of the lens with its axis parallel to the lens interface. The radius 
of the wire is a  and the center-to-interface distance is b . The NFL and the ob-
ject are illuminated by a p-polarized plane wave with 0 0ˆH h= z  (where 

0
ikxh e= ) and ( ) 1

0ˆE i hωε − ′= y , where 0 0xh h′ = ∂  and ε  is the complex per-
mittivity of silver. 

Our method is similar to that used in Refs. [9] and [10]. For normal inci-
dence, we have the following equations for the magnetic fields in front of the lens: 

0

m m
i i i

m

h c C
∞

=
= ∑ , aρ ≤ ; 

0

m m
s s s

m

h c C
∞

=
= ∑ , aρ ≥ , (1)

where ih  is the summation of all fields traveling towards the cylinder, sh  is the scattered magnetic field, 
k  is the wavevector in free space, ( )cosm

i mC J k mρ φ= , ( )(1) cosm
s mC H k mρ φ= , and mJ , ( )1

mH  are the 
Bessel and Hankel functions. The spatial spectral coefficients msc  are related to mic  by m m m

s ic s c= , where 
ms  is determined by the refractive index of the nanowire n  and its radius a  through the following ratio 

[14]: ( ) ( ) ( ) ( )( ) ( ) ( ) ( ) ( )( )(1) (1)m
m a m m a m m a m m a ms nJ nka J ka J ka J nka nJ nka H ka H ka J nka= − ∂ − ∂ ∂ − ∂ . 

After truncating the series in (1) at maxm m= , we can rewrite m m m
s ic s c=  in a matrix form, 

s i=c sc , (2)

where ic and sc  are column vectors [ ]mi ic=c  and [ ]ms sc=c , and s  is a diagonal matrix, [ ] m
mm s=s .  

The incident wave is a p-polarized plane wave, and its magnetic field 0h  is approximated by the prod-
uct T

0h = 0j c , where j  and 0c  are column vectors, [ ]miC=j  and [ ]0 0= mcc . Note that 0 2m mc i= , if 
0m > , and 0

0 1c = . The incident field 0h  and the scattered field sh  are reflected by the lens, giving the 
fields 0rh  and srh . The reflected plane wave 0rh  can be straightforwardly expressed as 2 T

0 0 0
ikb

r rh r e= j c , 
where 0r  is the reflection coefficient at normal incidence, and 0 2l l

rc i−= , 0l > , and 0
0 1rc = . Taking the 

Fourier transform of sh  at the metal-air interface with respect to the wave vector along the y  direction 
and taking reflection into account, we then obtain srh  as 

T
srh = sj qc , (3)

where q  is the interaction matrix showing that a single mode cylindrical wave is redistributed into other 
modes after reflection. Square matrix q  is defined as [ ]lmq=q , where each element lmq  is given by an 
integral transformation ( ) ( ) ( )1 2

0
 ik b
lm m lq r f g e dβπ α α α α

∞−= ∫ . ( )r α  is the plane wave mode reflection 

coefficient; mf and lg are the transfer functions given by ( ) ( ) ( ) ( )[ ] 11m mm
mf i iα α β α β β−= − + − +  and 

( ) ( ) ( ) ( )1l ll
lg i iα α β α β= − + − +  for 0l ≠ , and ( )0 1g α = ; the normalized wave vectors along x  

and y  directions, α  and β , are connected by 21β α= − . 

Eq. (3) defines the matrix form of the addition theorem connecting the reflected cylindrical wave ex-
pansions. The fields 0h , 0rh , and srh  act together as a set of cylindrical waves coming towards the wire; 

Fig. 1. Wire-lens geometry.
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therefore, T
0 0i r sr ih h h h= + + = j c  and 

2
0 0 0

ikb
i r sr e=c c + c + qc . (4)

Combining (2) and (4), we find the solution for sc : 

( ) 1 2
0 0 0

ikb
s rr e−  =  c i - sq s c + c . (5)

The coefficients sc  give the solution for the distribution of both the magnetic and electric fields in the 
wire-lens system. 

In a similar manner, the transmitted magnetic field after the lens is given by ( )
0
ik b x

t t sh t e += + p c , 

where tp  is a row vector with ( ) ( ) ( )1
2

m ik b ik x y
t mp t f e e dβ β αα α α

π
∞ +

−∞
= ∫ , and ( )t α  is the plane wave 

transmission coefficient of the lens1. Then, in any region with a given distribution of the total magnetic 
field h  and complex permittivity ε , the electric field E  is calculated using one of Maxwell’s equations, 

( ) 1 ˆE hιωε −= ×∇z . We note that removing the products sq  and 2
0 0
ikb

rr e c  from (5) results in a “no cou-
pling” situation and no adjustments are required for the field expansions inside and beyond the lens. Thus, 
in addition to adequate accuracy, the available option of “switching off” the feedback interaction between 
the object and the lens is an important feature of our simulation approach. 

3. Results and discussion 

We have simulated the geometry given by 25 nma = , 35 nmb = , and 20 nmd = at a wavelength of 340 
nm. The refractive index of silver is taken from Ref. [15]. The permittivity of silver at 340 nm is 

                                                 
1 The derivation of the magnetic field inside the lens follows the same recipe (to be shown elsewhere). 
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Fig. 2. (a) The normalized electric field and (b) the normalized magnetic field of the wire-lens system. (c) The normalized 
electric field of a single cylinder. (d) The normalized electric filed of the wire-lens system without coupling. (Only half of 
each field map is shown due to symmetry.) 
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1.17 0.28i− + , which is close to the surface plasmon resonance condition. 
The electric and magnetic fields are plotted in Fig. 2 (a) and (b) respectively, 
and they are clearly distinct. After the lens there is a shadow region where 
the electric field is low, which is considered to be the near-field shadow of 
the cylinder. In comparison, the magnetic field in Fig. 2(b) does not exhibit 
this shadow feature. As shown in Fig. 2(c), a similar shadow (negative im-
age) is present without the lens, and the lens clearly translates the image in 
the x  direction. 

Fig. 2(a) also shows that the incident electric field can be increased be-
yond the lens with an enhancement factor of about two (at point ). For 
comparison, the electric field of the same wire without the lens is shown in Fig. 2 (c). In this case, the best 
enhancement factor is about four at ’ (a location close to the cylinder surface). This result demonstrates 
the possibility of transferring the field enhancement from the nanowire surface to the other side of the 
lens, albeit with a loss. The spectral behavior of the normalized fields at point  is plotted in Fig. 3. The 
highest electric field enhancement (about 2.7) occurs at a wavelength of 340 nm. This wavelength is coin-
cident with the surface plasmon resonance wavelength and is where the superlens effect is predicted [2]. 

We have also simulated the wire-lens system without coupling. This is a hypothetical situation where 
the reflected wave 0rh  and srh  are not scattered by the wire. Therefore, there is no feedback interaction 
between the reflected and scattered fields of the lens and the wire. The result in this situation is shown in 
Fig. 2(d). A comparison of Figs. 2(a) and (d) 
clearly indicates that the coupling between the 
wire and the lens plays an important role, modi-
fying the field distribution and suppressing the 
electric field enhancement beyond the lens. 

For example, Fig. 4(a) shows the near-field 
modes ( 1 4.25α =  and 2 5α = ) transmitted 
through the silver lens. For 1 4.25α = , the elec-
tric field without the lens almost overlaps with 
the electric field with the lens after a displace-
ment of about 2 40nmd = . For larger values of 

α  the optimal displacement is smaller, but still 
close to 40 nm. This result is further illustrated in 
Fig. 4(b), where two sets of contours of the elec-
tric fields behind the wire with and without the 
lens are plotted. The sets of contours are almost 
identical aside from a constant scaling factor, 
which is due to losses in the silver film. The lens 
translates the shadow image with a displacement 
of 37 nm, which is close to the source-image dis-
tance of 2d shown in Ref. [2]. 

In summary, we have studied the imaging of a 
realistic object (a silver nanowire), in contrast to 
the conventional imaging analysis of hypotheti-
cal slits. The object was illuminated by a p-
polarized plane wave. Without the lens the object 
produces a near-field shadow (negative image) 
where the field intensity is lower than the back-

Fig. 3. The normalized fields at 
the lens interface. 
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Fig. 4. (a) Simulated transformation of the E-field magnitude 
of different near-field modes. Ei(D1) and Ei(D2) are non-
propagating components of  a near-field source, where E 6(D1) 
and E6(D2) are the magnitudes of the total E-field. (b) The con-
tours of normalized electric fields both with and without the 
lens. The shadow image is shifted by 37 nm by the 20-nm-
thick lens.
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ground. (This is not surprising since a slit allows light to pass through, while a cylinder blocks light.) It is 
also shown that a thin silver film translates the negative image of the object to the imaging plane. The lens 
is also capable of transferring the field enhancement resulting from the surface plasmon resonance of the 
silver nanowire to the image side of the lens. The coupling between the wire and the lens decreases the 
transferred enhancement. 
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