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High-resolution microscopy technique is of significant importance for studying nanomaterials. It is necessary to understand the
near-field interaction between the probe and substrate materials in order to get the fine structure of the nanomaterial in the
subwavelength scale. )e numerical methods such as FDTD, FEM, and MoM are inefficient for the SNOM problems because of
the illness of the impedance matrix. )e analytic method can only be used for some simple objects such as sphere. Here, a
quasianalytical method is developed, in which the analytic formula is refined to adapt to various shapes of the probe approaching
the curve of SNOM. By this way, it is helpful in comparing the performance of different probes and giving us a direction to design a
new type probe in SNOM. As an application, the developed method is used to study the contrast in the SNOM for the interface
between the two different surfaces that have different materials and topography.

1. Introduction

Scanning near-field optical microscopy (SNOM) is a de-
veloped subwavelength scanning imaging technique that can
be used to study the subwavelength structure. By the near-
field mechanism, the high-resolution microscopy can be
used, which overcomes the conventional spatial resolution
constraints due to the far-field method [1].

Apertureless scanning near-field optical microscopy is
obtained by using near-field scattering, and the scattered
field is related with the near-field interaction between the
probe and substrate materials. )e spatial resolution relies
on the sharpness of the probe tip and is independent of the
incidence field wavelength. In order to explain the SNOM
imaging, it is necessary to study the near-field interaction of
the probe tip and sample surface. )e understanding of the
SNOM imaging can provide us useful information about
materials and structure of samples [2].

Recently, the high spatial resolution of SNOM, which is
independent of wavelength, has been implemented in var-
ious practical applications, such as nanoscale vibration
spectroscopy [3], identification of the material type

according to the SNOM image on the edge of the sample [4],
nanoimaging of plasma polaritons in nanostructures, such as
graphene-layered structure [5–9] and nanoantennas [10, 11],
contrast and imaging performance in photo-induced force
microscopy [12], quantitative measurement of nano-optical
properties [13, 14], sensitivity of SNOM nanometer imaging
with temperature [15], and tomographic NF imaging
[16–18].

In the development of the SNOM theory [11, 19–33], the
point dipole model (PDM) is presented to describe the near-
field interaction. )e PDM is a simple analytic formula and
can explain many phenomena experimentally observed,
such as material contrast, phonon-polarization resonance,
and blue shift with increasing probe-sample distance [34].
However, for the SNOM probe in experiment, the PDM
cannot give a good description to the near-field contrasts.
Specially, the near-field approach curves have discrepancy
compared with experiment [34–36].

)e computational electromagnetic methods have ad-
vantages in adapting the geometry of the studied problems.
However, it is time-consuming for the near-field interaction
between the probe tip and the sample.
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Because the near-field scattering is very weak and the
vibration of the near-field probe tip is required in order to
extract the higher harmonic signal demodulation, numerical
computing is seldom considered [4, 37].

In this paper, an improved PDM (IPDM) is proposed,
in which the IPDM has the similar formula as PDM except
that the power index of sphere radius is different from the
conventional PDM formula [34, 37, 38]. )e incident and
scattering fields of the near-field probe on the surface of
the plane sample after incident by plane wave are shown in
Figure 1. In Section 2, first, we discussed the polarizability
of metal sphere and dielectric sphere and discussed the
equivalent between metal sphere radius and permittivity of
the dielectric sphere in free space in Section 2.1. Next,
considering the SNOM case, the relationship between the
metal sphere on the plane sample and the dielectric sphere
on the plane sample is discussed in Section 2.2, in which
the relation of the equivalent metal radius and permittivity
of dielectric sphere is given. )ird, in order to extend the
relationship to any shape near the probe, we propose the
IPDMmethod in Section 2.3, in which the polarizability of
probe can be obtained by the computational method and
using the numerical results, the parameters in IPDM can
be obtained with the optical fitting method. )e valida-
tions of the IPDM are performed for the spheroid and
conical probes. Finally, by using the IPDM method, the
contrasts of SNOM are studied and the resolution of
SNOM can be described by the equivalent radius of the
metal sphere.

2. PDM Method for the Sphere

)e PDM uses a dielectric sphere instead of the SNOM
probe to analyze the interaction between the SNOM probe
and sample structure [39]. )is model has the advantages of
simplicity and clear physical concept. However, due to the
simplification of the model’s geometric structure, there is a
certain deviation from the actual measurement data of the
probe. In view of the shortcomings of the PDM, a finite
dipole model (FDM) is proposed, which uses ellipsoid in-
stead of sphere, and thus is closer to the actual probe in terms
of geometric structure, so it can explain most of the ex-
perimental phenomena [40]. However, compared with the
sphere PDM, this model is more complex, and the curvature
radius of the probe top needs to be selected and determined
to be compared with the experimental data [41, 42]. In view
of the shortcomings of the above models, this paper pro-
poses an improved PDM on the basis of the PDM. )is
improved model still uses the PDM in the form of metal
sphere. However, by adjusting the radius of the sphere and
the distance index of the metal sphere varying with the
height of the sample, it can express the interaction function
between the sample and the probe with any dielectric
constant and any shape [43]. By using the metal sphere, the
improved PDM can help us understand the scattering
properties and imaging resolution of the probe by com-
paring the radius of the metal sphere, which can provide a
judgment basis for the design of the probe.

2.1.EquivalentRelationofPolarizability betweenMetal Sphere
and Dielectric Sphere. In scanning near-field imaging, the
induced dipole moment in the probe can be described by the
polarizability and incident field. )e scattering field has a
proportional relationship with the polarizability of the probe
and the incident field [12, 34, 37]:

E
→

sca∝ P
→

� αE
→

0. (1)

It can be seen from formula (1) that the scattering field is
proportional to the polarizability of the near-field probe.
)erefore, in order to improve the scattering efficiency of the
near-field probe, it is necessary to improve the polarizability
of the near-field probe. )e polarizability of the near-field
probe is closely related to the geometry and the material
parameters of the probe. In order to further understand the
scattering properties of the near-field probe and its inter-
action with the sample, the analytical solutions of typical
problems can be studied first. For spherical objects, the
scattering analytical solutions of spheres are widely used in
the literature to study the electromagnetic scattering of tiny
objects. For electromagnetic scattering in SNOM sub-
wavelength imaging, the dipole model with analytic form is
widely used to analyze the interaction between the probe and
the sample [39, 44–51]. For the interaction between the
spherical scatterer and the plane sample, the induced dipole
moment in the sphere can be approximated by

P � α Einc + Eimg(r + d)􏽮 􏽯 � α Einc +
βP

2π[2(r + d)]3
􏼩􏼨 ,

(2)

where the Einc and Eimg are the incident field and image filed
at the sphere location, respectively.

)e effective polarizability of the dielectric sphere can be
expressed as [43]

αeffpd �
α

1 − αβ/ 16π(R + H)3􏼐 􏼑􏼐 􏼑
, (3)
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Figure 1: Incident and scattering fields of the near-field probe on
the surface of the plane sample after incident by plane wave.
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where α is the polarizability of the dielectric sphere in free
space, which can be expressed as [29, 37]

α � 4πε0
εr − 1
εr + 2

R
3
. (4)

In formula (4), R is the radius of the dielectric sphere and
εr is the dielectric constant of the dielectric sphere. )e
normalized polarizability of the dielectric sphere can be
expressed as

αn �
α
ε0V

� 3 ×
εr − 1
εr + 2

. (5)

For the metal sphere, its polarizability and normalized
polarizability can be, respectively, expressed as [34]

α � 4πR
3
,

αn � 3.
(6)

)e relationship between the polarization vector of the
dielectric sphere and the incident field can be expressed as

P � −4πε0
εr − 1
εr + 2

R
3
E0. (7)

It can be seen from the above formula that, when the
dielectric constant of the dielectric sphere is large enough, its
polarizability will be very close to that of the metal sphere.
)erefore, when studying the near-field scattering problems,
the dielectric sphere with a large dielectric constant can be
equivalent to the metal sphere in terms of polarizability.
)erefore, in order to get the equivalence relation between
them, we set that the polarization formula of the metal
sphere is equal to that of dielectric sphere, and then, we can
get the following equation:

4πR
3
diel

εr − 1
εr + 2

� 4πR
3
PEC⟶ R

3
PEC � R

3
diel

εr − 1
εr + 2

. (8)

It can be seen from equation (8) that, for a dielectric
sphere with a specified radius, a metal sphere with an
equivalent radius can be found corresponding to it, and they
have the same polarizability. And on this basis, we will
extend this conclusion further. )e probe with arbitrary
dielectric constant and arbitrary shape is equivalent to a
metal sphere with an effective radius R, and they can have the
same polarizability. )erefore, the near-field scattering
problem can be studied by the equivalent metal sphere. To
generalize the improved PDM to probes with arbitrary
material parameters and shapes, the polarization of spherical
probes was first calculated by the finite element method, and
the results were compared with the analytical results to verify
the validity of the numerical calculation method for the
polarization of probes. In the finite element calculation, the
static field method is adopted for the very small size of the
probe. In the static field calculation, because the electric field
has singularity under the condition of very small radius of
curvature, the mesh is divided by 1/5 of the sphere radius.
)e finite element method of the electrostatic field is used to
calculate the polarizability of the dielectric sphere, as shown
in the following equation:

P � ε0 􏽚 􏽚 􏽚 εr − 1( 􏼁 · E · dV,

α �
P

E0
.

(9)

Figure 2 shows the relationship between the normalized
polarizability and the dielectric constant of a dielectric
sphere with different dielectric constants and radius R. )e
calculated results are consistent with the analytical results,
indicating that the accuracy of the numerical calculation
meets the requirements of the analysis. )e same settings are
used in the following finite element analysis. As can be seen
from Figure 2, the normalized polarizability of dielectric
sphere will approach that of metal sphere with the increase
of dielectric constant. When the relative dielectric constant
of the dielectric sphere is 100, the normalized polarizability
reaches 2.94, which is very close to the normalized polar-
izability 3 of the metal sphere.

In order to study the equivalent relationship between the
polarizability of the metal sphere and the dielectric sphere,
according to formula (8), the relationship between the di-
electric constant of the dielectric sphere and the equivalent
radius of the metal sphere is shown in Figure 3 after fixing
the radius of the dielectric sphere. As shown, it can be seen
that the dielectric constant of the dielectric sphere can be
uniquely equivalent to the polarizability of an equivalent
radius metal sphere. In this way, the polarizability of the
dielectric sphere can be measured by the equivalent radius of
the metal sphere, thereby obtaining near-field scattering
properties. In addition, it can also be seen from Figure 3 that
the smaller the dielectric constant, the smaller the equivalent
radius, and therefore, the smaller the value of the polariz-
ability, because the polarizability of the metal sphere in-
creases with the increase of the radius. Under the condition
of the same polarizability, the dielectric spheres with fixed
radius R and different dielectric constants can be equivalent
to the metal spheres with equivalent radius. )e smaller the
dielectric constant of the dielectric sphere is, the smaller the
equivalent radius of the metal sphere will be. Figure 3 shows
the functional relationship between the dielectric constant of
the dielectric sphere with a fixed radius of 50 nanometers
and the equivalent radius of the metal sphere. It can be seen
that, as the dielectric constant increases, the radius of the
metal sphere increases correspondingly and finally ap-
proaches the radius of the dielectric sphere.

2.2. PDMofMetal Sphere andDielectric Sphere in the Presence
of Samples. )e effective polarizability of a metal sphere in
free space is only related to the radius of the sphere.
However, in the presence of samples, due to the interaction
between the metal sphere and the sample, the effective
polarizability is not only related to the radius of the metal
sphere but also related to the distance from the sample plane
and the dielectric constant of the sample [52]. For dielectric
spheres in free space, the effective polarizability depends on
the radius of the sphere and the dielectric constant of the
sphere. In the presence of samples, due to the interaction
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between the dielectric sphere and the sample, the effective
polarizability is not only related to the radius of the sphere
but also related to the distance from the plane of the
sample and the dielectric constant of the sample and the
sphere.

)e interaction between the probe and sample material
needs to be considered in the near-field microscopy imaging
technology [42, 43, 52–62], and PDM can well describe the
interaction between the spherical probe and sample. Under
the condition of the existence of the sample plane, the near-
field scattering can be expressed as

Esca∝
α(1 + β)

1 − αβ/ 16π(R + H)3􏼐 􏼑􏼐 􏼑
Einc � (1 + β) · αeffpd · Einc.

(10)

In formula (10),

β �
εs − 1
εs + 1

, (11)

where εs is the relative dielectric constant of the sample. It
can be seen from formula (10) that if the dielectric spherical
probe is replaced by a metal spherical probe with an
equivalent radius, the scattering field or effective polariz-
ability will be the same. Figure 4 shows the polarizability
curves of the dielectric spherical near-field probe and
equivalent radius metal spherical probe with the distance
from the sample surface, and it can be seen that they are
consistent. )e results in Figure 4 show that the sub-
wavelength imaging of the near-field probe can be studied by
replacing the dielectric sphere with a metal sphere with an
equivalent radius. In Figure 4, the dielectric constant of the
dielectric sphere is 100, the radius is 50 nm, and the
equivalent radius of the metal sphere is 49.5 nm. For the
PDMof dielectric spheres with other dielectric constants, the
polarization PDM formula of metal spheres with an
equivalent radius can get similar results.

2.3. Improved PDM Formula for Probe with Arbitrary Shape
and Material Parameters. )e effective polarizability of the
probe is related to the geometry and dielectric constant of
the probe [63–65].

For near-field probes with arbitrary shape and material
parameters, the PDM formula of a simple spherical probe
cannot be used to accurately analyze the interaction between
the near-field probe and the sample. )e finite dipole model
can usually get more accurate analysis results, but the cal-
culation formula is more complex. In order to apply the
point-like dipole model to the analysis of near-field probes in
general cases, considering that for nonspherical near-field
probes, the relation with the distance from the sample will be
different from that of the spherical near-field probes when
the probe approaches the sample plane, so the relation
exponent n with the change of distance is taken as the
undetermined parameter. In addition, the size of the near-
field probe has a great influence on the polarizability, so the
sphere radius is also taken as an undetermined parameter.

In view of the above considerations, the effective po-
larizability of the improved PDM based on the metal sphere
is shown in the following formula:

αeffpd(R, n) �
4πRn

1 − 4πRnβ/ 16π(R + H)n
( )( 􏼁

[L]
3
. (12)

In formula (12), since the exponential n of the sphere
radius R is an undetermined parameter, the dimension of
polarizability does not meet the dimensional requirements.
)erefore, in the calculation of formula (12), the value of the
length variable is scaled with the length unit, and the final
result is expressed in the cubic form of the corresponding
length unit. In formula (12), R is the radius of the equivalent
sphere and n is the parameter related to the polarization
property of the sphere and the interaction with the sample.
For the nonspherical probe, R and n can be obtained through
optimization fitting of the polarization curve of the model
and numerical calculation. Due to the universality of
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numerical calculation, near-field probes of any shape and
material can be obtained by computational electromag-
netics. On the basis of numerical calculation, the parameters
of the improved PDM are optimized, which can be used for
near-field scattering analysis. In order to verify the improved
model proposed, we will analyze the equivalent PDM pa-
rameters of ellipsoidal and conical probes, respectively, and
analyze the relationship between the equivalent model pa-
rameters and the shape andmaterial parameters of near-field
probes. Table 1 gives the cases of the study, which dem-
onstrate the equivalence between IPDM and the SNOM
probes with different geometries and permittivities.

2.3.1. Equivalent PDM Parameters of the Ellipsoid.
Ellipsoidal near-field probe is often used as an analytical
model in near-field scattering analysis. )e finite dipole
model (FDM) is an analytical model of the near-field probe
based on ellipsoid analysis [66–68]. In order to analyze the
scattering properties of the near-field probe by using for-
mula (12), the interaction model between the near-field
probe and the sample plane dielectric is analyzed for two
different sizes of dielectric ellipsoids, respectively. )e
semishort axis of the two dielectric ellipsoids is 50 nm, and
the semilong axis is 100 nm and 150 nm, respectively. In
order to prove that the polarizability properties of ellipsoids
can be equivalent to that of spheres with equivalent radius,
we first consider the equivalent polarizability relationship
between dielectric ellipsoids and metal spheres when the
dielectric constant of plane samples is 12.5.

)e polarizability of the dielectric ellipsoid is calculated
using the finite element method by equation (9). In the finite
element analysis, the electrostatic analysis model is used to
solve the Laplace equation. In the finite element calculation,
the boundary conditions satisfied by the unit electrostatic

field were set. A cuboid was chosen as the computing area,
and its side lengths were 500 nm in the x and y directions and
800 nm in the z direction. )e dielectric ellipsoid was placed
in the center of the simulation area, and the dielectric
constant was 100. )e reason why the dielectric constant is
chosen to be 100 is that the polarization properties of the
dielectric ellipsoid are close to that of the metal sphere when
the dielectric constant is 100. If we choose a larger per-
mittivity, we need to add more unknowns to the mesh
partition. )e thickness of the sample is 200 nm. )e el-
lipsoidal polarizability is calculated by the finite element
method, and the equivalent spherical radius R and exponent
n can be obtained by the optimization method:

min αeffpd(R, n) − αFEM. (13)

Figure 5 shows the polarizability curves of ellipsoids with
two different sizes as a function of distance from the sample
surface with a dielectric constant of 12.5. As a comparison,
the polarizability curve of the equivalent metal sphere based
on the improved PDM is also given by using formula (13).

2.3.2. Equivalent PDM Parameters of the Cone Probe. As an
analysis of near-field scattering, the cone probe model is
closer to the actual near-field probe. Since the model is closer
to the actual probe, it is difficult to get the analytic solution of
the analytical model. For the actual probe, a numerical
analysis model can be obtained through electromagnetic
simulation analysis, but the numerical analysis model is
time-consuming for near-field imaging [57]. As an improved
PDM, numerical model analysis and analytical model can be
combined effectively, and the parameters of the improved
PDM can be obtained by the optimization method only
through one numerical simulation analysis. )is model can
improve the efficiency of near-field imaging analysis. In
particular, the improved PDM can also give a good quan-
titative analysis for the resolution of near-field.

Generally, the cone near-field probe can be described by
three geometric parameters: the top radius, the bottom
radius, and the length of the cone. In a cone probe, the
bottom radius is connected to a hemisphere with a radius
equal to the bottom radius of the cone. Two kinds of cone
probes of different sizes are used for the equivalent ap-
proximation of the cone probes. )e difference between the
two cone probes is the length of the cone, which is 100 nm
and 200 nm, respectively. )e top radius of the cone is
100 nm, and the bottom radius is 50 nm. )e permittivity of
the cone is 100. In Figures 6(a) and 6(b), the dielectric
constant of the planar sample is 12.5, which is the average
dielectric constant of silicon, a general semiconductor
material. Figure 6(a) shows the polarizability curve of the
near-field probe with a cone length of 100 nm as a function
of the height from the surface of the sample. As a com-
parison, the equivalent parameter of the improved PDM
obtained by the optimization method is R� 27.43 nm and
the distance index is n� 2.78. It can be seen from the figure
that the probe model curve of the finite element method is in
good agreement with the improved PDM curve. Similarly,
Figure 6(b) shows the near-field probe with a cone length of
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Table 1: Cases of the study for the SNOM probe polarizability.

Case Probe types (unit: nm) Substrate permittivity
1. Figure 5(a) Ellipsoid (c� 100, b� 50) 12.5
2. Figure 5(b) Ellipsoid (c� 150, b� 50) 12.5
3. Figure 6(a) Cone probe (r1� 50, r2�100, len� 100) 12.5
4. Figure 6(b) Cone probe (r1� 50, r2�100, len� 200) 12.5
5. Figure 6(c) Cone probe (r1� 50, r2�100, len� 100) 5
6. Figure 6(d) Cone probe (r1� 50, r2�100, len� 200) 5
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Figure 6: Continued.
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200 nm as a function of height from the sample. As a
comparison, the equivalent parameter of the improved PDM
obtained by the optimization method is R� 63.54 nm and
the distance index is n� 2.89. )e dielectric constant of the
planar sample is changed to 5. Similarly, the curves of the
polarizability of the cone probe with two sizes varying with
the height distance from the planar sample are calculated by
the finite element method. )e calculation result is shown in
Figures 6(c) and 6(d), whereas in Figure 6(c), it is a plot of
the polarizability of a cone of 100 nm length as a function of
height distance. Figure 6(d) is a plot of the polarizability of a
cone of 200 nm length as a function of height. As can be seen
from the results in the figure, the improved PDM can well
describe the polarizability properties of any shape near-field
probe.

2.3.3. Analysis. For the dielectric ellipsoid model, the ana-
lytical solution of ellipsoid is often used as the approxi-
mation of the actual probe to analyze the model, and the
ellipsoid model has better approximation than the sphere
model. Here, the improved PDM method is proposed to fit
the equivalent radius and distance exponent of the PDM on
the basis of numerical analysis, which can quickly and ac-
curately analyze the interaction between the near-field probe
and the sample. Figures 6(a) and 6(b) are polarizability curve
variation with height distance from the sample when the
sample dielectric constant is 12.5 and the near-field probe
approaches the sample. )e length of the near-field probe in

Figure 6(a) is 100 nm, and the length of the near-field probe
in Figure 6(b) is 200 nm. By comparing their equivalent
spherical radius and distance index, it is not difficult to find
that the equivalent radius of the short probe is larger than
that of the long probe and the distance index of the short
probe is also larger than that of the long probe. Figures 6(c)
and 6(d) are plots of the distance-dependent change of the
near-field probe as it approaches the sample with a dielectric
constant of 5. Similarly, in Figures 6(c) and 6(d), the
equivalent radius of the short probe is larger than that of the
long probe; the distance index of the short probe is larger
than that of the long probe. In the following study of near-
field contrast, the equivalent sphere radius can be used as a
parameter to measure the resolution, so a small equivalent
radius means a higher resolution. )e distance index reflects
the interaction between the near-field probe and the sample,
while a small distance index reflects that the interaction
changes slowly with the increase of distance; it is therefore
possible to observe the contrast at a higher position from the
sample.

3. Resolution and Contrast Analysis of Near-
Field Scanning

In optical microscopic imaging, contrast is often used to
describe the transition width of transition curve shapes at
different material boundaries of samples as the definition of
spatial resolution. Such shape of transition curve is usually
called edge response function (ERF). )e characteristic
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Figure 6: (a))e probe-approaching curve for case 3.)e cone dielectric probe has a dielectric constant of 100; the cone bottom radius R1 is
50 nm, top radius R2 is 100 nm, and cone length is d� 100 nm; an equivalent spherical radius is R� 58.84 nm; n� 2.98. (b) )e probe-
approaching curve for case 4. )e cone dielectric probe has a dielectric constant of 100; the cone bottom radius is 50 nm, top radius is
100 nm, and cone length is 200 nm; the equivalent spherical radius is R� 63.54 nm; n� 2.89. (c))e probe approaching curve for case 5.)e
cone dielectric probe has a dielectric constant of 100, the cone bottom radius R1 is 50 nm, top radius R2 is 100 nm, and cone length is
d� 100 nm; the equivalent spherical radius is R� 40.83 nm; n� 2.91. (d) )e probe-approaching curve for case 6. )e cone dielectric probe
has a dielectric constant of 100, the cone bottom radius R1 is 50 nm, top radius R2 is 100 nm, and cone length is d� 200 nm; the equivalent
spherical radius is R� 38.27 nm; n� 2.85.
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width of ERF is obtained by its derivative, also called (line
spread function) curve transition width w. In scattered-type
SNOM, w can be obtained by direct measurement or by its
derivative. However, for the boundaries of different mate-
rials with different heights, it is very important to estimate w

effectively due to the convolution of the probe and sample.
Figure 7 shows the schematic diagram of near-field probe
scanning.

In order to quantitatively estimate the resolution of
SNOM, in this paper, the improved PDM is proposed to
quantitatively study the transition curves of sample surfaces
with different heights or different permittivities by using
equivalent spheres. In addition, the transition curves of
samples with discontinuous permittivity and discontinuous
height are also quantitatively studied. )e basic idea of
describing the shape of transition curve by the radius of
equivalent spherical is that if the sphere is located at the
interface of two samples with different properties, the
equivalent dielectric constant or equivalent height of the
sample can be considered as the arithmetic average of
material properties on both sides. Considering the case
where the distance between the center of the sphere and the
interface is larger than the radius of the sphere, it can be
regarded as equivalent to the infinite plane; the dielectric
constant of the sample at the boundary is regarded as the
average of the dielectric constants on both sides of the in-
terface. According to the continuous transition property of
the function, a transition function in the form of an ex-
ponent is introduced. Finally, the equivalent dielectric
constant of the sample can be expressed as

εr �
εr,R + εr,L × e− x− x0( )/R( )

1 + e− x−x0( )/R( )
, (14)

where x0 is the interface position, R is the radius of the
equivalent sphere, εr,L is the dielectric constant of the side
where x is less than the interface position, and εr,R is the
dielectric constant of the side where x is greater than the
interface position. Similarly, if the heights of both sides of
the interface are different, then the equivalent height of the
dielectric can be expressed as

h �
hR + hL × e− x− x0( )/R( )

1 + e− x−x0( )/R( )
. (15)

)e scattering near-field is calculated by formula (10).
In Figure 8, contrast is calculated using contrast tran-

sition functions, which are related to the equivalent spherical
radius of IPDM. In other words, the equivalent radius of the
metal sphere is used to describe the resolution of SNOM.)e
smaller the equivalent spherical radius is, the higher the
resolution is. Table 2 gives the cases of the study, which
demonstrate the scattering near-field contrast curves of
samples based on IPDM.

Figure 8(a) shows the contrast curves of near-field
scattering of samples with different dielectric constants.
According to the previous analysis, if the dielectric constant
of the sample is different, the equivalent metal sphere radius
R and distance exponent n of the improved PDM will be
different. In order to analyze the contrast curves of different

dielectric constants, it is necessary to consider the function
relationships between the equivalent spherical radius and the
distance exponent as the scanning distance. )e function of
radius R and distance exponent n with scanning distance x
are defined as

R(x) �
R1, x< x0,

R2, x> x0,
􏼨

n(x) �
n1, x< x0,

n2, x> x0.
􏼨

(16)

)e results of equation (16) are substituted into the
improved PDM to obtain the near-field transition curve. It
can be seen from Figure 8(a) that the transition curves
obtained by the improved PDM and the finite element
calculation model are in good agreement. Meanwhile, the
resolution of the probe tip can be given quantitatively by the
equivalent sphere radius.

Figure 8(b) shows the near-field transition curve of the
sample plane with the same dielectric constant and different
heights. )e dielectric constant of the sample is 12.5. )e
height difference between the two sides of the interface is
h2− h1� 50 nm. In the area x< 0, the distance between the
near-field probe and the sample surface is 50 nm; in the area
x> 0, the distance between the near-field probe and the
sample surface is 0. It can be seen from Figure 8(b)) that the
simulation results of the improved PDM and FEM are in
good agreement.

Figure 8(c) shows the contrast curves of near-field
scanning with different permittivities and heights on both
sides of the dividing line. According to Figure 8(a), it can be
seen that the sample with a large dielectric constant will
generate a larger scattering field. As can be seen from
Figure 8(b), the closer the probe is to the sample surface, the
stronger the scattering field is. In Figure 8(c), we consider
that the area on the right side of the dividing line which has a
small dielectric constant and a small distance between the
probe and the sample surface.)e results show that there is a
larger scattering field on the right side of the interface,

Dielectric 1

Dielectric 2

Z

X

R2

R1

d

H + R1 gap = H

h2 – h1

Figure 7: Schematic diagram of near-field probe scanning with
sample surfaces of different structures and the probe scanning
along the x direction.
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Figure 8: (a) Scattering near-field contrast curves of samples with different dielectric constants on both sides of the dividing line. )e
dividing line is x� 0. (b) Scattering near-field contrast curves of samples with different heights on both sides of the dividing line.)e dividing
line is located at x� 0. (c) Near-field contrast curves with different dielectric constants and heights on both sides of the sample dividing line.
)e dividing line is at x� 0.

Table 2: Cases of the study for the scattered near-field contrast curves of samples (unit: nm).

Cases Figure 8(a) Figure 8(b) Figure 8(c)
Probe types R1� 50 R2�100 d� 200

Substrate permittivity x< 0 12.5 12.5 12.5
x> 0 5 12.5 5

Gap of the sample plane from the probe (H) x< 0 50
x> 0 50 0 0

Height difference (h2− h1) x� 0 0 50 50

Effective radius of the metal sphere (R) x< 0 63.54 63.54 63.54
x> 0 75.1257 75.1257

Distance index (n) x< 0 2.888 2.888 2.888
x> 0 2.918 2.918
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indicating that the height has a greater influence on the
contrast of the scattering field.

3.1. Analysis. )e surface of the sample has different
structural properties, which will form a transition curve in
the near-field scanning imaging. )e steepness of the
transition curve reflects the resolution of subwavelength
imaging. At present, the derivative of transition curve is
usually used to describe the resolution of near-field im-
aging in the studies of contrast [58]. In this paper, the
equivalent spherical radius is used to describe the steepness
of the transition curve, and therefore, the resolution of
near-field imaging is measured by this parameter value.
Figure 8(a) shows the contrast curves of different dielectric
constants on both sides of the sample, and the results of
finite element simulation are consistent with those of the
improved PDM method. Figure 8(b) shows the contrast
curve with the same dielectric constant on both sides of the
sample and a height difference of 50 nm. )e finite element
simulation results are generally consistent with the im-
proved PDM method. At the discontinuous interface with
the height of the sample, the contrast curve of near-field
scattering obtained by FEM has an overshoot waveform
near the boundary due to the abrupt change of the electric
field. In general, the actual sample surface is gradual rather
than drastically changed. )e change of the sample surface
height shown here is only an extreme case; for the actual
sample surface, the overshoot phenomenon will be very
weak, so the agreement of contrast curve obtained by FEM
will be better with the improved PDM results. Figure 8(c)
shows the case where the dielectric constant and height are
not continuous on both sides of the interface. Similarly, due
to the discontinuous change of height, there are overshoot
waveforms on both sides of the interface. In addition, the
curve shape has a large deformation due to the disconti-
nuity of the dielectric constant.

4. Discussion and Conclusion

In scanning near-field optical microscopy, it is very im-
portant to study the interaction and scattering mechanism
between the near-field probe and the sample to understand
the imaging mechanism and analyze the structural and
physical properties of the sample [59, 60, 63]. In the study of
near-field scattering, the analytical method has the advan-
tage of clear physical concepts, but it cannot be used for
complex shape objects [4, 69, 70]. )e advantage of nu-
merical method is that it can deal with arbitrary shape
structure, but it usually consumes a lot of computing time
and resources [52]. )is paper extends the research based on
the PDM. First, the interaction between the arbitrary near-
field probe and sample is studied by the numerical method.
)en, the PDM is extended, and the improved PDM has
similar analytical expression in form, but the equivalent
metal sphere radius R and the distance index n are different
from those of the original spherical PDM formula.)ese two
parameters are obtained by the optimization method. Under
the condition of equivalent polarizability, two parameters of

the improved PDM are obtained by the fitting method
according to application conditions.

In order to verify the feasibility of the improved PDM,
the equivalents of dielectric spheres and dielectric ellipsoids
with different shapes and sizes in free space and their
equivalents with the improved PDM were studied. On this
basis, the equivalence of dielectric sphere, ellipsoid, general
shape probe, and metal sphere of the improved PDM is
further studied. )e results show that the SNOM probe can
be composed of different materials, which show different
electromagnetic response characteristics in different fre-
quency bands. Probes of various materials and shapes can be
equivalent to spherical-like structures. )e meaning of
spherical-like probe indicates that the dipole model is de-
rived from the interaction model between the metal sphere
and sample, which is an improvement on the basis of PDM.
)e difference is that the power of the sphere radius is not a
traditional cubic relation, but a real number around 3, which
can be obtained by the fitting method according to the
interaction curve between the probe and the sample. )e
main advantage of the improved model is that simple PDM-
like formulas can be used to analyze the microscopic im-
aging of SNOM. At the same time, it can give us a standard to
compare the scattering characteristics of different probes
because probes of arbitrary shape and material character-
istics can come down to the power of the radius of the
equivalent sphere and the radius of the equivalent sphere.
)ese two parameters can provide us with the resolution of
microscopic imaging and the optimal detection distance,
respectively.

In the scanning near-field optical microscopy, the
contrast and resolution of different surfaces are the key
technical indicators [71–73]. Nevertheless, to date, most
papers mainly focus on the contrast analysis of different
materials and the contrast analysis of different heights. Few
papers consider the two factors of different materials and
different heights together. Here, we consider the influence of
different materials and different heights on the near-field
scattering contrast together. First, the transition curve for-
mulas of height transition and material parameter transition
between different regions are given, respectively. For the
planar samples with different heights, the height of the probe
on both sides of the dividing line is different. Considering
the equivalent sphere radius of the probe, when the
equivalent sphere of the probe is on a certain side, the
distance between the probe and the sample is the height of
this position. On both sides of the interface, the effective
height perceived by the probe is a gradual height. Based on
the above consideration, formula (15) is proposed as the
height of the probe above the interface. In formula (15), on
the left side of the interface, the exponential function tends
to infinity with the increase of x and the height value is h2. At
the interface, the exponential function is 1 and the height is
(h1 + h2)/2. On the right side of the interface, with the
increase of x, the exponential function tends to zero and the
height tends to the height value of the right plane. Similarly,
considering the interface of different materials, the transi-
tion curves of material parameters are given. )e transition
curve of the interface can be obtained by substituting the

10 International Journal of Antennas and Propagation



transition curve of height and material parameters into the
IPDM formula. For the linear shape of the contrast curve of
the transition region in contrast, we proposed that the
equivalent sphere radius of the IPDM is used as the tran-
sition parameter of the exponential curve and the calculated
transition curve is in good agreement with the numerical
results.
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