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microsphere lens combined with a conventional microscope 
can achieve very high resolution for the imaging of non-
fluorescent samples or structures [7–21]. Challenges in find-
ing its inherent resolution gain have been done in [22, 23]. 
The mechanism of this technique is not well known. It is 
said that the resolution is related to photonic nanojet [7] 
formed by the microsphere and the transformation of the 
evanescent waves of the sample into propagating waves [8, 
11]. However, it is challenging to resolve two points with 
the distance less than 100 nm based on vectorial magnetic 
analysis [24]. Recently, there have been some attentions paid 
to the effects of Whispering Gallery mode (WGM) for imag-
ing and it stated that WGM is helpful for improving the 
resolution [25]. In addition, the electromagnetic modes of 
objects having a crucial role has also been demonstrated in 
microsphere super-resolution imaging [26, 27].

In this work, two dimensional model is utilized to ana-
lytically and numerically investigate the effects of WGM 
on improving the resolution, with information collected 
for imaging and special electromagnetic modes of objects 
caused by illumination. With the solutions of Maxwell’s 
equations and the semi-analytical method with Mie’s solu-
tion–formulations, the details of high spatial spectrum infor-
mation being carried into far field and being resolved by the 
imaging system are described. Furthermore, the situations 
for higher imaging resolution when the out-of-phase compo-
nents produced by the illumination are discussed.

2 � The evanescent waves collected and intensity 
enhanced transforming by WGMs

The model for calculation is shown in Fig. 1. As the objects 
to be observed, two incoherent point sources are located 
below a microcylinder lens whose refractive index is nc and 

Abstract  Whispering Gallery modes have been presented 
in microscopic glass spheres or toruses with many applica-
tions. In this paper, the possible approaches to enhance the 
imaging resolution by Whispering Gallery modes are dis-
cussed, including evanescent waves coupling, transformed 
and illustration by Whispering Gallery modes. It shows that 
the high-order scattering modes play the dominant role in 
the reconstructed virtual image when the Whispering Gal-
lery modes exist. Furthermore, we find that the high image 
resolution of electric dipoles can be achieved, when the out-
of-phase components exist from the illustration of Whisper-
ing Gallery modes. Those results of our simulation could 
contribute to the knowledge of microsphere-assisted super-
resolution imaging and its potential applications.

1  Introduction

Conventional microscope objective lenses are diffraction 
limited. Near-field scanning optical microscopy [1] and 
the super-lens [2–6] based on negative refraction of noble 
metal-based surface plasmonics can beat the limit; how-
ever, they cannot work in far field and are not suitable for 
wideband spatial spectrum imaging. It has been shown that 
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radius is R (Fig. 1a). The refractive index of the background 
is n0. The two point current sources are at position {
�0,�0 −

Δ�0

2

}
 and 

{
�0,�0 +

Δ�0

2

}
, which have the same 

amplitude j� = 1. This model is similar as the model pro-
posed in [19]. The magnetic field in Fig. 1b has only one 
component Hz(�,�) along z, and it is expressed as

where Dn are coefficients. All complex fields and currents 
have e−i�t time dependence.

To make the calculation easier and the results more 
understandable, the resonances of the cylinder and the vir-
tual images will be obtained by the numerical solutions of 
Maxwell’s equations showed [28], while the quantities of 
the transformation from the evanescent waves to propaga-
tion waves will be obtained by semi-analytical formulations 
which are presented in the Appendix. The image resolution 
will be obtained by checking the imaging pattern from rotat-
ing one dipole to be close to the other one. The modes dis-
tributions, at the exterior of the lens, which could form the 
image on the far-filed detector are shown in Fig. 2 with a pair 
of parameters (nc = 1.5, n0 = 1.0, R = 2.5 μm, �0 = 1.002R).  
The wavelength will be scanned from 400 to 700 nm and the 
resonance wavelength here is 425.5 nm, where the WGM 
presents in the microcylinder. It shows in Fig. 2 that the 
magnetic intensity of viral imaging of different exterior 

(1)Hz(𝜌,𝜑) =

+∞∑

n=−∞

DnH
(1)
n
(k0𝜌)e

in𝜑 (𝜌 > 𝜌0),

modes excited by a single point current source near a cyl-
inder sketched in Fig. 1b. The magnetic intensity along y 
direction with different exterior modes is shown in Fig. 2e. 
It shows that the imaging pattern of the exterior higher-order 
modes appear farther from the center of the lens. The imag-
ing pattern of the exterior modes can be less than half of the 
wavelength shown in Fig. 2f, and the virtual images of the 
higher-order modes are more sensitive for intensity distin-
guishment to the positions of the point source than the lower 
ones. In Fig. 3, we analyze the model with the high-order 
mode simulated, shown in Fig. 1a. By comparing the vir-
tual image of WGM resonance with off-resonance showed 
in Fig. 3, we conclude that the high-order mode plays the 
dominant role in imaging when WGM excitation occurs. 
By comparing Fig. 3d, h, the distinguishment of two point 
becomes well when the high-order mode becomes stronger 
in the total field.

Using Mie’s solution–formulation, we analyze the con-
tribution of near-field evanescent waves by setting the up 
and low limit of the integration contour, which contains the 
imaginary part for the source with evanescent wave com-
ponents; if the near-field evanescent waves are ignored, the 
imaginary part for the source will not be included in the 
integration contour (Fig. 1d). In Fig. 4a, b, we give the cor-
relation between the coefficient of one mode and spatial fre-
quency spectrum. We summarize that high spatial frequency 
has a primary role for high-order modes and an ignored role 
for low-order modes. We also show the dominant role of the 
transformation of evanescent waves to propagating waves for 
WGM excitation, and the scattering mode enhancement of 
the excited WGM in the remaining figures of Fig. 4.

From these results, we can demonstrate the effects of 
WGM in the process of collecting information of a point 
source. Each exterior mode has organized spatial frequency 
spectrum and can form an imaging pattern with less than 
half of illumination wavelength. Among these, the exterior 
mode corresponding to the fundamental WGM could realize 
higher resolution than the others. And the transformation 
of evanescent waves to propagating waves can be enhanced 
when the model meets WGM stimulated, and the corre-
sponding exterior mode can be improved to realize higher 
resolution.

3 � Imaging of two nanoparticles under photonic 
nanojets

The light source is the objects themselves shown in the pre-
vious part. However, the illumination can affect the imaging 
a lot, especially when it may induce the special electromag-
netic modes [26]. The two nanoparticles take the place of 
two point source as the objects and they are illuminated by 
photonic nonojet (PNJ). For investigating two nanoparticles 

Fig. 1   a 2D model of imaging of two point current sources with arc 
spacing distance d = �0Δ�0. b One point current source near a cylin-
der. c Electromagnetic field of the left obtained by clockwise rotation 
of b. d Integration contour, the region between the two horizontal 
dashed lines is adapted in computational process
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under PNJ, the numerical 2D model is shown in Fig. 5a, a 
micro-cylinder with a refractive index (RI) of nc = 1.5 is 
placed in the free space (n0 = 1). The radius R of the micro-
cylinder is 1.5 μm, and it is illuminated by a TM-polarized 
plane wave propagating along the y-axis (i.e. its electric 

field is in the x-direction and its magnetic field is parallel 
to the z-direction, which is perpendicular to the plane of 
drawing). Two nanoparticles are on the shadow side of the 
micro-cylinder with diameter d = 80 nm and a refractive 
index (RI) of nw = 1.6. The center-to-center distance of the 

Fig. 2   The magnetic intensity (squared amplitude of the magnetic 
field) of viral imaging of different exterior modes excited by a single 
point current source near a cylinder sketched in Fig.  1b, where the 
mode number corresponding to a–d are |n| = 10, |n| = 20, |n| = 30 
and |n| = 44, respectively; e normalized magnetic intensity along 

y-axis; f normalized magnetic intensity as function of angle � along 
the circle with radius given by the y value in Fig. 2e, where the max-
imum appears (the angular distance between the dotted lines of the 
same color corresponds to a distance of �∕2)
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two nanoparticles is s = 100 nm. The h shown in Fig. 5a is 
chosen to be 45 nm. Because the diameter of the nanopar-
ticle is sufficiently small, we may replace the nanoparticle 
by an electric dipole moment [29], with induced moment 
given by [30] 

where �0 is the permittivity of vacuum, �r is relative permit-
tivity of the nanoparticle and V is the volume of the nanopar-
ticle. Let p0 be the normalization factor, defined by

where E0 = 1 (V/m).
The finite element software COMSOL Multiphysics 

[31] is used to compute the illumination of the nano-
particles and the induced re-radiation. The collection 
of far field is simulated using the open-source code pro-
vided in [32]. The virtual image is reconstructed using 
angular spectrum theory. Figure 5b shows the intensity 

(2)� = �0(1 − �r)∫
V

�(�)dV �,

(3)p0 =

|||||||
�0(1 − �r)∫

V

E0dV
�

|||||||
,

distribution of PNJ generated by the cylinder at wave-
length � = 550 nm. Figure 5c shows the intensity distri-
bution of a single nanoparticle under PNJ illumination. 
Figure 5d shows the equivalent electric dipole moment 
for a nanoparticle for different positions along x-direction. 
And in Fig. 5e, the intensity distribution of two nanopar-
ticles under PNJ is presented. Because the magnetic field 
is polarized along the z-axis, the equivalent electric dipole 
moment has components along both x- and y-directions. 
For the two nanoparticles with different distances the situ-
ations are shown in Fig. 5f. It could be observed that the 
ratio of the amplitudes of the y- and x-components of the 
dipoles’ moments vary strongly with the separation dis-
tance and the y-components of the two equivalent electric 
dipole moments are found to be out-of-phase while the 
x-components are in-phase. Normally the resolution can be 
improved effectively, when there is only the out-of-phase 
component [26]. However, the in-phase component cannot 
be ignored in practice, and it is usually larger than the out-
of-phase component. To make the out-of-phase component 
dominant, we scan the wavelength in the range from 400 
to 500 nm to find the right wavelength. The equivalent 
electric dipole moment is shown in Fig. 6a. It shows that 
the y-component is larger than x-component at suitable 
wavelength. From Fig. 6a, we select � = 491 nm and show 

Fig. 3   Virtual images of 
the cases including WGM 
resonance and off-resonance 
sketched in Fig. 1a. a, c, e, g 
Normalized modulus coef-
ficients of mode expansion 
(see Eq. 1) of the magnetic 
field outside the cylinder; 
b, d, f, h reconstructions of 
two incoherent point current 
sources. The inset figures 
in b, d, f, h are normalized 
magnetic intensity along 
x-direction at y = −7.538  μm 
for b, y = −3.739  μm for 
d, y = −3.514  μm for f and 
y = −2.355  μm for h, and the 
two brown arrows express the 
imaging of the two incoher-
ent point current sources. 
Parameters are selected as 
� = 420 nm, R = 2.5  μm, 
�0 = 1.002R, d = �∕3 for a, b; 
� = 425.5 nm, R = 2.5  μm, 
�0 = 1.002R, d = �∕3 for c, 
d; � = 410 nm, R = 1.5  μm, 
�0 = 1.002R, d = �∕3 for e, f 
and � = 413.5 nm, R = 1.5  μm, 
�0 = 1.002R, d = �∕3 for g, h 
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the intensity distribution in Fig. 6b. It could be observed 
that for this wavelength there is a WGM. This indicates 
that the WGM can induce that the longitudinal (y-) compo-
nent of the dipole is dominant. In Fig. 6c, d, we compared 
the virtual images of the cases with and without WGM. 
We found an appropriate imaging position to get the two 

nanoparticles imaging, as shown by the plotted curve in 
Fig. 6d. The imaging formed by y-direction point current 
source under a cylinder is a dark field imaging [33]. We 
can obtain that the two nanoparticles at � = 491 nm with 
WGM illumination can be distinguished. Due to the fact 
that the two neighboring standing points have half-wave 

Fig. 4   The contribution of near-field evanescent waves. a n = 30, 
b n = 44, the resonance mode inside the cylinder. c Scattering coef-
ficients considering the point source without near-field evanescent 
waves (the normalization factor are equal with d). d Scattering coeffi-
cients calculated the point source with near-field evanescent waves. e 
Distribution of normalized magnetic intensity inside the cylinder with 

point source not containing evanescent waves. f Distribution of nor-
malized magnetic intensity inside the cylinder with point source con-
taining evanescent waves. Where, Wn = inNn sin �e

(−in�−ik0�0 sin �), Nn 
is shown in the Appendix. Parameters are selected as � = 425.5 nm, 
R = 2.5  μm, �0 = 1.002R
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phase difference in the WGM mode, the re-radiation of 
the observed object can form anti-symmetric mode (out-
of-phase component).

4 � Conclusion

WGM can appear when the white lighting source is used in 
experiments of microsphere super-resolution imaging. How-
ever, the effects of WGM can be “smeared” out by averaging 
effect the white lighting source [19]. Our results indicate 
that the increase of high-order scattering mode intensity can 
improve the resolution of microsphere imaging. And this can 
be further improved by changing the illuminating method, 
such as side-illumination or partial inclined illumination in 
free space [34].

To summaries, we have demonstrated that the high-order 
scattering mode can form comparatively narrow pattern 
in the virtual image plane, and the transformation of the 
evanescent waves to propagating waves can be effectively 
enhanced by the WGM. Both are crucial effects of the WGM 
in super-resolution imaging. Furthermore, the out-of-phase 
components can be achieved in the object due to the focusing 
performance of the micro-cylinder under a TM-polarized 
plane wave illumination. And it can be effectively enhanced 
for the super-resolution less than 100 nm when the WGM 
is presented.
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Appendix

We start by defining the vector potential �(�) through [29] 

In the Lorenz gauge [35], �(�) satisfies the wave equation

In 2D model (shown in Fig. 1b), the wave equation in Car-
tesian coordinates is

Suppose the type of Ax(x, y) is

(4)�(�) =
1

�r�0

∇ × �(�),

(5)(∇2 + k2)�(�) = −�r�0�(�),

(6)
(

�2

�x2
+

�2

�y2
+ k2

)
Ax(x, y) = −�r�0 j��(x)�(y − �0),

(7)Ax(x, y) = �r�0 j�

+∞

∫
−∞

f (kx)e
i(kxx+ky|y−�0|)dkx,

Fig. 5   a 2D-configuration with a TM-polarized incident plane wave 
incident on a cylinder and two nanoparticle below the cylinder; b 
optical electric intensity distribution of the PNJ; c optical electric 
intensity distribution of single nanowire under the PNJ; d the equiva-
lent electric dipole moment given by �∕p0 (see Eqs.  2, 3) of a sin-

gle nanoparticle at different positions; e optical intensity distribution 
of two nanoparticles under the PNJ; f the equivalent electric dipole 
moments of two nanoparticles with different spacing distance (‘o’ left 
nanowire, ‘x’ right one.)
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The usual spectral decompositions of the � function is

Using these Eqs. (6)–(8), we can get the distribution

Since the cylinder is above the point current source, the fol-
lowing analysis is under the condition of y > 𝜌0. Then, we 
get the magnetic fields and use it as incident field for Mie 
scattering of the cylinder. From Eq. (4), the incident field 
is given as

(8)�(x) =
1

2�

+∞

∫
−∞

eikxxdkx.

(9)f (kx) =
i

4�ky
,

(10)Hz(x, y) = −i
j�

4�

+∞

∫
−∞

ei(kxx+ky(y−�0))dkx.

To make Mie formulation simplified, we change the repre-
sentation Eq. (10) into

where the integral contour C is shown in Fig. 1d. Using 
expansion of plane wave in series of cylindrical waves, the 
incident magnetic field becomes

where

(11)Hz(�,�) = ik0
j�

4� ∫
C

sin �e−ik0�0 sin �eik0� cos (�−�)d�,

(12)Hz(�,�) = ik0
j�

4�

+∞∑

n=−∞

pnJn(k0�)e
in�,

(13)pn = in ∫
C

sin �e(−in�−ik0�0 sin �)d�

Fig. 6   a The amplitude of the x- and y-components of the equivalent 
dipole moment at different wavelength, the separation between the 
dipoles is 100 nm and the micro-cylinder has radius of 1.5 μm and 
refractive index 1.6 as before; b optical intensity distribution of two 
nanoparticles under PNJ at optimum wavelength 491 nm; c, d virtual 

images of different wavelength of 437 and 491 nm. The inset figure 
in d is normalized squared amplitude of the magnetic field along 
x-direction at y = −2.257  μm, and the two brown arrows express the 
imaging of the two point current sources
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Then, suppose the scattering field and field in cylinder are 
the following expressions

where the two unknown coefficients Mn and Nn could be 
solved using the boundary conditions at the interface � = R, 
the continuity of Hz and E�. The coefficients are

Then, we demonstrate that the two analytic simulations 
have the same results, see Fig. 7.

(14)Hs
z
(�,�) = ik0

j�

4�

+∞∑

n=−∞

pnNnHn(k0�)e
in�,

(15)Hcyl
z
(�,�) = ik0

j�

4�

+∞∑

n=−∞

pnMnJn(kc�)e
in�,

(16)Mn =
H�

n
(k0R)Jn(k0R) − Hn(k0R)J

�
n
(k0R)

Jn(kcR)H
�
n
(k0R) −

k0

kc
J�
n
(kcR)Hn(k0R)

,

(17)Nn =

k0

kc
J�
n
(kcR)Jn(k0R) − Jn(kcR)J

�
n
(k0R)

Jn(kcR)H
�
n
(k0R) −

k0

kc
J�
n
(kcR)Hn(k0R)

,
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