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Influence of surface plasmon wave interference 
on near-field imaging on metal nanostructures 
with apertured probe 
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We numerically studied artifact issues on near-field imaging of field intensity on metal nanostruc-
tures (isolated ridges and slits in a continuous film) with an apertured probe. It is shown for
the latter case that the interaction between neighboring slits via propagating surface plasmon waves
(e.g., surface plasmon wave interferences) makes the probe-imaged field intensity highly condi-
tional in reflection of the unperturbed field. As surface plasmon behaviors and probe imaging
processes are polarization-sensitive and the field components are correlated, a model analysis of
the partial field components elucidates their relations, which can help to derive the unperturbed
near-field image from the probed one. 
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1. Introduction
Near-field (NF) microscopy makes optical imaging of subwavelength objects possible,
and nowadays it is also used to obtain near-field information in various light-matter
interactions [1–3]. With the emergence of plasmonics in recent years, the technique
has been applied to image the surface plasmon (SP) waves or near-field distributions
of the field intensity on metal nanostructures [4–13]. SPs are harmonically oscillating
polaritons of collective charges (free electrons) coupled with electromagnetic (EM)
waves at metal surfaces; fundamentally their properties can be derived from each other.
Therefore, SP waves can be “observed” by either monitoring oscillations of the elec-
trons [14–16] or imaging field distributions of the EM waves. In near-field imaging
of field distributions, the presence of the probe usually modifies the local field,
especially when the scanned surface is highly structured with sharp morphologies. As
a result, the detected signal from the NF probe may not directly reflect the profile of
the structures or unperturbed field distributions [17]. But usually, the real structures
or field profiles can be reconstructed using deconvolution methods from the probed
ones [18], provided that the structure units are isolated and they do not have strong
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inter-correlations in optical interactions so that the results of each unit can be linearly
superposed as contributions to the final observations. The approach is well used in
imaging near-field profiles of dielectric-type structures. But for metallic structures,
due to strong optical interactions in the near-field region and diversified conditional
behaviors of SPs, the unperturbed field profiles cannot be usually obtained this way,
though there are reports based on direct imaging of the SP fields with NF probing as
mentioned above. Currently, there is a lack of such work to clarify the issues. In this
paper, we do investigations on some basic metal structures, nanoslit(s), to show their
relations that may help to derive the unperturbed field from the probed one using
apertured probes. 

In the following, we will first show briefly the probed field profiles of isolated
nano-ridges and compare them with those scanned without the probe as a background
(Section 2). Section 3 will be our emphasis to give a detailed analysis of near-field
imaging of the field profiles on a metal film with slits upon optical transmission.
Finally, we summarize the conclusions in Section 4. In the work, the 3-dimensional
finite-difference time-domain (FDTD) method is used for numerical simulations.
The apertured probe in simulations has a tapered (tapering angle of 45°) dielectric core
of index 1.5 coated with a 100-nm-thick silver layer, and the diameter of the aperture
is 80 nm, similar to those of commercial ones. The scanning is performed at a constant
height h of 60 nm in the simulations, and intensity of the field coupled into the probe
is recorded with a monitor set inside the probe. The probed results are compared with
those obtained without the probe, in which there is only a monitor of size Δx = Δz =
= 30 nm and Δy = 10 nm, scanning at an equal constant height of 60 nm above
the structure to record the field intensity. The structures in study are assumed to be on
a dielectric substrate of index 1.5, and the input light is normally incident from
the substrate side in transverse-magnetic (TM) polarizations.

2. Near-field imaging on isolated nano-ridges

Below we show the field intensity on isolated metallic and dielectric ridges scanned
with or without the probe. Figure 1a is a schematic illustration of the setup in
simulations. The ridges are either metal of Ag or dielectric with an index of 1.5 (e.g.,
SiO2) with cross-section dimensions of a = b = 50 nm. Vacuum wavelength of the in-
cidence light is assumed to be λ = 600 nm. The scanned field intensities on a single or
two dielectric ridges with a separation of s = 300 nm are shown in Figs. 1b and 1c,
and those for metal ridges in Figs. 1d and 1e. Noted that shown in the plots are relative
intensity values obtained by normalizing the original data with the maximum value in
each scan.

The results in Figs. 1b and 1d show that, for a single dielectric or metal ridge,
the profile of the unperturbed field intensity has a dip just above the ridges and two
peaks on both sides; it is not shown here that, as the scanning height is smaller, the dip
and peaks will have a larger contrast. While for the probe imaged field intensity pro-
files, there is only one peak corresponding to the ridges, and contrasts of the profiles
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are much larger than those of the unperturbed one. This suggests a strong interaction
between the object and the probe. It is more important to find in Figs. 1c and 1e that
field intensity profiles of the two-ridge structures are just a superposition of the pro-
files of individual ones, for both the dielectric and metal ridge structures and for both
the unperturbed and probe imaged intensity profiles. This provides us with a general
way to qualitatively derive the unperturbed field intensity profiles (or images) from
the probed one using the corresponding relation obtained for a single ridge as a ref-
erence, ignoring the contrast of the profiles. Besides, the subwavelength structures can
also be imaged this way by using the reconstruction method mentioned previously.
We may not need to know the specific probe-object interaction processes here,
provided that optical interactions with each individual structure unit do not strongly
affect those of the others.

3. Near-field imaging on slits in a metal film
We performed similar simulations for the structures of narrow slit(s) in a dielectric or
metal film (complementary structures of isolated ridges), as shown in Fig. 2. The simu-

Fig. 1. Schematic illustration of near-field probe imaging on isolated ridges (a). Constant-height-scanning
field intensity on isolated ridges recorded with (solid lines) or without (dashed lines) the probe (b–e);
b, c – for dielectric ridges, and d, e – for metal ridges. In all, dimensions of the ridges are a = b = 50 nm,
and s = 300 nm for two ridges. The shaded regions correspond to positions of the ridges.
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lation conditions are same as those in Section 2, except for differences of the structures
(Fig. 2a). Here, thicknesses of the dielectric (index 1.5) or metal (Ag) films are
t = 200 nm, widths of the slits are w = 80 nm, and separations of the two slits in Figs. 2c
and 2e are s = 300 nm. It is shown in Figs. 2b and 2d that, for a single slit in a dielectric
or metal film, the probe imaged intensity profiles roughly reflect the unperturbed ones,
except at the positions away from the slit in the metal case (Fig. 2d). It is shown in
Fig. 2c that, for the structures of two slits in a dielectric film, the probed intensity
profile can also be considered as a superposition of those of the individual slits, similar
to that of the isolated ridge structures in Fig. 1. But for the metal case in Fig. 2e, a peak
clearly appears for the probed one in the region between the two slits, which cannot
be considered as a result of superposition.

From the simulation results above, it is generally observed that the unperturbed
field intensity profiles and their subwavelength structures can both be derived roughly
from their probe imaged field intensity profiles, except for the metallic narrow slit
structures. The exception for the slit structures is related to support the propagating
SP waves at the flat metal surfaces. The interference of propagating SP waves excited

Fig. 2. Schematic illustration of near-field probe imaging on a metal or dielectric film with slit(s) (a).
Constant-height-scanning field intensity on a metal film with slit(s) recorded with (solid lines) or without
(dashed lines) the probe (b–e); b, c – for slits in a dielectric film, and d, e – for slits in a metal film. In
all, dimensions of the slits are w = 80 nm, t = 200 nm, and s = 300 nm for two slits. The shaded regions
correspond to the metal or dielectric regions.
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at the exits of neighboring slits changes the near-field intensity distributions on top of
the interval metal surface region. Meanwhile, the interaction between the probe and
the structure becomes also different; it is shown later that the probe fundamentally
modifies the propagating SP wave modes instead of simply “picking up” the local field
with its aperture.

Figure 3 shows simulated distributions of the field intensity on the structures with
two narrow slits (w = 80 nm) of smaller and even larger interspacings (s = 100, 600,
1200 nm), in addition to the results for s = 300 nm in Fig. 2e. It is observed, more
clearly in Fig. 3c, that symmetric distribution of the scanned field intensity has a max-
imum at the middle position (x = 0) between the two slits for the probed results, but
has a minimum for the unperturbed ones; and fluctuations of their field intensity
distributions are roughly in opposite phase. It is also noticed that a strong field intensity
maximum appears not right above the center of each slit, but slightly shifted inwards
for both scanning results. As a result, for very small interspacings, e.g., s = 100 nm in
Fig. 3a, the probe scanned field intensity will show one maximum right above the ridge
between the slits instead of the slits themselves. The results suggest that the probe
imaged distributions of field intensity on such structured metal surfaces do not directly
reflect the unperturbed real field distributions, but they have certain relations. In
the following, a model is proposed to clarify their relations and explain the simulation
results.

As schematically illustrated in Fig. 4a, upon transmission of TM-polarized
incidence light through the narrow slits in a metal film, the transmitted power can be
considered to be decoupled into two components: the in-plane propagating SP waves
and the cylindrically emanating free-space (CF) light waves, whose wavevectors are
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Fig. 3. Constant-height-scanning field intensity on a metal film with two slits of different interspacings
recorded with (solid lines) or without (dashed lines) the probe; s = 100 nm (a), s = 600 nm (b) and
s = 1200 nm (c). All other dimensions are same as those in Fig. 2e. The shaded regions correspond to
the metal surface.
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denoted with kSP and kCF in magnitude, respectively. Thus field components of the two
waves are  for the CF waves in a polar coordinate, and 
for the SP waves in the top air side of the Ag/air interface.

Firstly, consider only one slit and define middle point of its exit as the coordinate
origin, the electric fields of the emitted waves can be approximately written in the fol-
lowing forms:

(1)

Hz
CF Hθ

CF;{ } Hz
SP Ex

SP; Ey
SP,{ }

Fig. 4. Schematic illustration of the generated in-plane SP waves and cylindrical free-space wave emitted
from the slit antenna (a). Schematic illustration of coupling in-plane SP waves at the metal/air interface
into the probe (b). Modeled intensity distribution of different polarization components of the cylindrical
free-space wave and SP waves under interferences of waves generated from two slits (s = 1200 nm) at
a constant height of h = 60 nm (c–f ). Modeled distributions of the total field intensity (solid line) and
x-polarization field intensity (dashed line) of two types of wave components (g).
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(2)

(3)

Here    and are amplitudes of the fields, kCF = k0 = 2π/λ, kSP =

= (2π/λ) , , εm is the permittivity of the metal (Ag),

, C1 is a constant quantity dependent on the intensity of the CF waves
at the position of a slit exit, and φ1, φ2 and φ3 are initial phases of the wave fields.
According to fundamentals of the SP wave, amplitudes of longitudinal and transverse
field components of the SP waves have the relation:

(4)

where R is real and ϕ = φ3 – φ2. E.g., for SP waves at an air/Ag interface and
λ = 600 nm, R = 3.56, ϕ = 87.8°. Meanwhile, intensity contributions of the power due
to y- and x-components of the SP fields also have the ratio:

(5)

Thus, distribution of the field intensity above the metal surface with a single slit

can be expressed as  where /r and

, C1 and C2 are constants. Here we also introduce

a parameter of ratio ξ = / , which characterizes distribution of the trans-
mitted power on the CF and SP wave components.

For the two-slit case, there are interferences of the same types of wave components
emanated from each slit. According to Maxwell’s equations, /∂y and

/∂x, SP waves emitted from the slit-exits propagating in opposite x-direc-
tions at the metal surface are symmetrically in phase for the  field, and anti-sym-
metrically in opposite phase for the  field. As a result of interference of SP wave
fields from two slits, the  field has a maximum while the  field has a minimum
at the middle position between the two slits at the metal surface. As we define x = 0
at the middle line in this case, and  the field intensity above the metal
surface with two identical slits can be written as follows based on the conditions above:

(6)
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where

(7)

(8)

(9)

(10)

In derivation of the equations, it is assumed that |kSP1 | >> |kSP2 |, |γSP1 | << |γSP2 | for
kSP = kSP1 + ikSP2 and γ = γ1 + iγ2. Let I0 = 100 for C1 = 1 and r(x, y) in nanometer,
and ξ = 4.5×10–4; we calculated the components of field intensity on a two-slit metal
surface with w = 80 nm and s = 1200 nm at λ = 600 nm, the results are shown in
Figs. 4c–4f. Further, the total field intensity (Itotal = ICF + ISP) and combination of
the field intensity due to x-polarization fields (Ix = ICF, x + ISP, x) are calculated and
plotted in Fig. 4g with their normalized values. It is indicated that distributions of
the total and x-polarization field intensities are closely similar to those of unperturbed
and probe imaged field intensities in Fig. 3c obtained with numerical simulations,
though the effect of the probe is not considered at all for the modeled results in Fig. 4.

Figure 4b schematically illustrates coupling of the near-field SP waves into
the apertured probe upon its presence. In the region between the two slits above
the metal surface, the SP waves propagating towards the probe in both directions will
firstly couple into another SP mode in the gap between the metal coated on the probe
and the metal surface of the sample [19], then further couple into the probe core region.
In spite of complex SP interactions involved in the coupling processes, as the probe is
rotarily symmetric, interference of SP waves coupled into the probe will be same as
that without the probe at the position of the probe aperture, due to equal SP wave path
and coupling efficiencies at the junctions for mode conversion in both directions. Of
course, the absolute value of the probe-detected SP field intensity will be smaller, but
this is not a matter of concern in a normalized intensity profile. It is also known that
detection with the near-field probe is more sensitive to the component of electric field
parallel to the scanning surface, thus only contributions from x-polarization field (Ix)
will be reflected in the probed intensity profile. Additionally, in Ix = ICF, x + ISP, x ,
the component of ICF, x dominates in the regions just above the slits and the ISP, x in
interval metal surfaces. The situation is the same for the probed field intensity. As
such, once we have the probed field intensity profile, we can get the unperturbed one
by simply inversing the maxima and minima of interference fringes in the metal surface
region while keep those in the slit regions; here a background value of the intensity
profile is usually not a concern.
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4. Near-field imaging on periodic nanoslits in a metal film 
and effects of SP resonances

In the analysis above, the interference of SP waves at the metal surface is not designed
to be resonant. To see the effect of resonance conditions, we do investigations on
a structure of periodic metallic nanoslit arrays, which has been widely studied in
the field of plasmonics. The structure is same as that studied in Section 3, except for
its periodicity. In Figure 5a, we show the simulated transmission spectrum of such
a structure with 200-nm-thick metal film, 80-nm-wide slits and 400-nm period. It
has been identified that the spectrum dips at λ = 440 and 650 nm are due to resonances
of SP waves at the top (air/Ag) and bottom (substrate/Ag) interfaces, respectively, and
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Fig. 5. Optical transmission spectrum of a periodic metal (Ag) slit array ( p = 400 nm, w = 80 nm,
t = 200 nm) (a). Constant-height-scanning field intensity on top of the slit array at different wavelengths
of the incidence light recorded with (solid lines) or without (dashed lines) the probe; the shaded regions
correspond to the metal surface (b–e).
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the peak at λ = 840 nm is due to Fabry–Pérot-like resonance of gap SP waves in
the slits [20]. Thus we simulated scanning of the field intensity on the period metal
nanoslit array as before at the resonance wavelengths and λ = 1200 nm in the long-
-wavelength regime. The results are shown in Fig. 5b–5d. It is observed that, for
the structure with subwavelength period, the unperturbed field intensity shows a maxi-
mum in the positions of slits and a valley in the regions above the metal surface at all
wavelengths, no matter whether or not it is in a resonance condition. There is only
a trend that contrasts of the field intensity profiles will be larger at longer wavelengths
that are more off the resonance positions. For the probe imaged profiles, under
the condition of SP resonance at the air/Ag surface in Fig. 5b, there is a distinct
peak in each metal surface region, besides there is also a high peak above each slit.
The corresponding relation between the probed and unperturbed field intensity profiles
is same as that observed for the two-slit case. But as the wavelength increases,
the peaks above the slits come to be relatively weaker and the peaks above the metal
surface regions become stronger, e.g., in Fig. 5c. At even longer wavelengths, there
are only peaks above the metal surface regions, e.g., in Figs. 5d and 5e. The probe
scanned field intensity profiles are totally reversed in fluctuations compared to the un-
perturbed ones scanned without the probe, similar to the case in Fig. 3a for two slits
with very small interspacing (relative to the wavelength). Thus, the probe scanned field
intensity profiles are reflections of the field interference effects; SP resonances are not
necessary to be particularly considered.

5. Conclusions

We simulated near-field imaging of the field intensity on metal and dielectric
nanostructures of isolated ridges or nanoslits. It has been shown that the probe scanning
of structures with slits in metal films is highly subject to the interference of SP waves
at the metal surfaces, which emanate from each slit. Although distributions of the probe
imaged field intensity are very different from those unperturbed, their correlations
inform us to derive the unperturbed ones from the probed ones. I.e., if the interspacings
of slits, whether periodic or only a few, are in the subwavelength regime (s < λ ), peaks
and valleys in fluctuations of the probed scanned field intensity correspond
respectively to the valleys in the metal surface regions and peaks at the slit regions of
the unperturbed field intensity profiles; if the interspacings of slits are larger than
the half-wavelength (s > λ /2), strong peaks of the probe scanned field intensity profiles
locate at the position of slits, and fluctuations appear in the segments of metal surfaces
whose peaks and valleys correspond to the valleys and peaks of the unperturbed field
intensity distributions. The model analysis shows that the probe imaged field
intensities are reflections of distributions of the electric fields parallel to the metal
surfaces, and their relation to the total fields are discussed. It is finally mentioned that,
although the study is mainly on apertures of slits in the metal, the conclusions may
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also be informative to understand near-field probe scanning of other structured metal
surfaces.
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