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Based on full wave simulations, �0.3 k and �0.24 k imaging resolutions can be achieved for

incoherent transverse and longitudinal point dipoles, respectively, when the dipoles are on an

aluminum oxide base with a fused silica microsphere as the imaging lens. These high spatial

resolutions (better than 0.5 k) can be attributed to almost 90� light acceptance angle of the

microsphere and the solid immersion effects from the microsphere/base material. These simulation

results can explain the �0.3 k and �0.24 k minimum resolvable center to center separation

distance for thin metallic nanostructures and elongated metallic nanostructures, respectively, which

is equal to �0.1–0.14 k edge to edge distance observed in previous microsphere imaging

experiments. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4902247]

Better than �k/4 imaging resolution with dielectric

microspheres in air has been reported by many groups

recently, which is higher than the �k/2 resolution limit1–7

and has a great potential for super-resolution microscopy

required in nanoscience and molecular biology.8,9 In most of

the demonstrations, a silica microsphere of diameter

�4–50 lm is placed on the target plane as the first lens. A

high numerical aperture (NA) objective is placed along the

imaging path of the microsphere to further magnify the real/

virtual images from the microspheres.10 Even with numerous

successful demonstrations, the mechanisms providing the

high spatial resolution with microspheres are still unclear.

Compared with macroscale lenses, microspheres have larger

curvature and corresponding almost zero front focal distance

(FFD). As a result, the refractive index of the lens, n, can

contribute to the spatial resolution of the target (i.e., solid

immersion effect).11–13 Also, due to the almost zero FFD,

the acceptance angle of the microsphere from the target

plane is �90�, which results in an effective numerical aper-

ture �n when the microsphere is applied in the imaging.14 In

addition, since the microsphere is in direct contact with the

target, the refractive index of the base material of the target

can also affect the light diffraction and the associated imag-

ing resolution.1,15

To verify the contribution of each mechanism to explain

the 100 nm level (or better) spatial resolution reported in dif-

ferent groups, numerical experiments of the light propaga-

tion from the target through a microsphere, an objective lens

and then to the imaging plane are performed in this study.

Compared with the hand-on experiments, the numerical

experiments allow us to adjust each parameter, including the

polarization of light, independently to identify their contribu-

tion to the spatial resolution in microsphere based imaging.

Description of the arrangement and conditions studied with

the numerical experiments are as follows.

Full wave finite element method (FEM) simulation is

adopted to identify the contributions of the refractive indices

of microspheres, target and the polarization direction of the

collected light on the spatial resolution of a microsphere

imaging system. Schematic of the simulation domain is

shown in Fig. 1. A dipole (either x-y transverse or z longitu-

dinal dipole) on the target plane with close proximity to the

microsphere is selected as a point source on the target. In

order to form a real image with the microsphere, a lens pair

is placed above the microsphere to mimic the function of

high numerical aperture objective lens in reported micro-

sphere imaging experiments.9 The lens pair can capture

almost all the light from the microsphere to assure the optical

resolution is mainly determined by the microsphere rather

than the lens pair. The dielectric microsphere has a diameter

of 6 lm which is the approximate average diameter that is

commonly used in microsphere imaging experiments. The

two lenses in the lens pair have diameters equal to 20 lm

and 40 lm with refractive index n¼ 1.5 and n¼ 1.4, respec-

tively. The refractive index and diameter of the lens pair is

selected to get the maximum possible magnification that

can be achieved with the capable the simulation power. The

position of the lens pair is adjusted such that the first lens

collimates the light diffracted by the microsphere and the

FIG. 1. Schematic of the simulation domain consisting of the target, micro-

sphere, and lens pair.
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second lens focuses the collimated light to form an image on

its focal plane. To study the microsphere imaging at visible

wavelengths, k¼ 500 nm is selected. The simulation domain

is surrounded by a perfect matching layer to approximate an

open domain. Triangular mesh elements with size less than

k/15 are applied around the imaging plane. For other

domains, the mesh size is less than k/10. The size of the

focus/image spot is determined by measuring the FWHM of

light intensity (i.e., point spread function, PSF) at the imag-

ing plane where the FWHM of the PSF achieves its mini-

mum value (Fig. 2). The magnification ratio of the imaging

system is determined by transverse displacement ratio

between the PSF and the point dipole in the x direction when

the dipole is away from the optical axis. The obtained magni-

fication values are almost the same as the ratio between the

backward focus numerical aperture (at target plane) and for-

ward focus numerical aperture (at the imaging plane).16,17

Since the microsphere is in contact with the target, the back-

ward focus numerical aperture from the target to the micro-

sphere is �n with n the refractive index of the microsphere.

A two-point resolution criterion for point dipoles (i.e., mini-

mum resolvable separation distance between two dipoles is

equal to FWHM of PSF divided by the magnification

ratio M) is used to determine the point dipole spatial resolu-

tion in this study.17

(a) Refractive index of microsphere
The focal plane of a spherical lens is inside the lens

when its refractive index n is larger than �1.5. Therefore,

n< 1.5 is studied in this portion of analysis. A transverse

dipole in air is selected as the point target. Light emitted

from the transverse dipole, when collimated by the first lens

of the lens pair in Fig. 1, resembles a linearly polarized Airy

beam. The focus/image spot of a linearly polarized Airy

beam is not axisymmetric: larger FWHM in the polarization

direction (Fig. 3(a)). This difference becomes smaller for

larger magnification ratio. Due to the limited simulation

power, the magnification ratio of the entire imaging system

is limited to <10 to prevent oversized simulation. Table I

lists the obtained FWHM of the PSF, magnification M, and

the dipole resolution at the imaging plane (i.e., FWHM of

the PSF divided by M) with refractive index of the micro-

sphere n¼ 1.3, 1.35, 1.4, and 1.45. Based on the results, the

imaging resolution improves with increase in refractive

index of the microsphere. The best imaging resolution is

�0.38 k in the direction normal to the polarization which

happens when n¼ 1.45 under the magnification ratio studied.

The improvement in resolution with refractive index of the

microsphere can be attributed to solid immersion effect of

the microsphere. The high refractive index of the micro-

sphere, compared with air, results in the coupling of higher

spatial frequency components (2p=k < k < 2pn=k) from the

em itter to the far field through the microsphere, thereby

increasing the imaging resolution.

(b) Refractive index of base material of the target
Fused silica (FS) with refractive index 1.45 and alumi-

num oxide (AO) with refractive index 1.77, which are the

two common target base materials in published microsphere

imaging experiments, are selected in this portion of analysis

to identity the contributions of the refractive index of the

base material of the target on the microsphere imaging

resolution with n¼ 1.45. A lens pair is placed on top of the

microsphere to generate real images on the image plane. A

transverse dipole is again selected as a point source on the

target as in the previous analysis. Each target has a thickness

�2 k to prevent the interference from the bottom surface of

the target during the imaging process. Table II lists the simu-

lated FWHM of the PSF, magnification M, and the dipole

resolution at the imaging plane of the microsphere based

imaging system when the transverse point dipole is placed

FIG. 2. Light intensity (�jEj2) distribution induced by (a) a transverse

dipole (x-y dipole), and (b) a longitudinal dipole (z-dipole), in air with a

microlens of diameter �6 lm and refractive index n¼ 1.4. The dashed lines

indicate the imaging plane.

FIG. 3. Light intensity distribution at

the image plane of (a) a transverse

dipole (i.e., x-y dipole) and (b) a longi-

tudinal dipole (i.e., z dipole).
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on selected targets. For both AO and FS as the target mate-

rial, the obtained dipole spatial resolution is better than that

in air. Among AO and FS, AO with a higher refractive index

provides a slightly better resolution for the transverse point

dipoles placed on top of it. The improvement in the spatial

resolution can be considered as a solid immersion effect

from the target which does not happen in regular far field

imaging with macroscale lenses far away from the target.

(c) Polarization of the emitter
In this portion of the analysis, a longitudinal dipole (or

z-dipole) rather than a transverse dipole (or x-y dipole) is

selected as the emitter to be imaged by the microsphere. The

light emitted from a longitudinal dipole is radially polarized

similar to diffraction free Bessel beams.18 The light intensity

distribution of the radially polarized beam has a doughnut

shape at the focal/image spot with low numerical aperture

(i.e., NA< 0.8) lenses. The doughnut shape intensity distri-

bution arises due to the dominant transverse fields at low NA

which have a phase singularity at the center of the beam.19

Due to the low numerical aperture of most imaging lenses,

the PSF of a longitudinal dipole at the imaging plane has a

symmetric doughnut shape intensity distribution. The

FWHM of the doughnut shaped PSF is defined as FWHM of

the central hole in the doughnut intensity distribution

obtained at the imaging plane as indicated in Fig. 3(b).

Table III lists the simulated FWHM of the PSF, magnifica-

tion M, and the dipole resolution at the imaging plane of the

microsphere based imaging system when the longitudinal

point dipole is placed on selected targets (air, FS, and AO).

The imaging resolution of the longitudinal dipole with a

microsphere follows the same trend as that with the trans-

verse dipole, i.e., the highest resolution occurs when the

dipole is placed on the AO target (�0.24 k) due to the high

refractive index and the associated stronger solid immersion

effect. Compared with transverse point dipole, longitudinal

point dipole provides better spatial resolution under the same

microsphere and target conditions. The higher resolution

with the longitudinal dipole can be attributed to the increased

amplitude of higher spatial frequency components collected

by the microsphere and the correspondingly larger effective

collecting angle (Fig. 2(b)) when it is compared with a trans-

verse dipole (Fig. 2(a)). Note that due to the smaller accep-

tance angle (�70�) of most far-field objective lenses, the

emission from the longitudinal dipole cannot be effectively

captured with far-field macroscale lenses compared with

near field microlenses as in the microsphere imaging.

From the discussion in the above paragraphs, it can be

concluded that the best achievable resolution for incoherent

point sources with dielectric microsphere of n¼ 1.45 and di-

ameter of 6 lm (used in many microsphere imaging experi-

ments) is �0.3 k for transverse point dipole and �0.24 k for

longitudinal point dipole on an AO target. In a real imaging

process, emitters are finite size nanostructures. Radiation

from each location of a finite size nanostructure under

reflected or transmitted illumination may not be incoherent

as assumed in many publications. To verify the coherence of

emission from finite size emitters, FEM simulation is con-

ducted to study the electric field phase distribution in gold

nanostructures of different widths. Two types of nanostruc-

tures are examined, namely, a thin film gold nanostructure of

thickness �30 nm (around the skin depth of gold) (Fig. 4(a))

and an elongated gold nanostructure (i.e., width much less

than the thickness) of thickness �k (Fig. 4(b)). Both nano-

structures can be fabricated with available techniques and

are commonly used in microsphere imaging experiments.

The nanostructures are exposed to linearly polarized illumi-

nation along the x-z plane from an external lens with a

NA� 0.7. The nanostructures are �1 lm before focal point

of the external illumination. The nanostructures are displaced

�250 nm away from the optical axis, which is around the

middle between the center and the edge of the illumination

region. For the thin film nanostructure with a thickness

�30 nm, it is observed from the simulation that the electric

field inside the nanostructure is mainly in the transverse

direction (i.e., Ex�10 Ez) (Fig. 4(a)). Also observed is that

the electron oscillation inside the thin film gold nanostruc-

ture is almost spatially coherent (within 15� of phase lag20)

when the width of the nanostructure is �0.2 k. Hence, the

induced re-emission from a gold thin film nanostructure of

width �0.2 k under an external illumination is similar to

emission from a finite size transverse dipole with its length

equal to the width of the nanostructure. Since the image

spread function of a finite size transverse dipole with a width

�0.2 k is equal to the point spread function of a point trans-

verse dipole on the image plane, the image pattern of two

TABLE I. Simulated FWHM of the PSF, magnification M, and the dipole

resolution at the imaging plane of the microsphere based imaging system for

different refractive index of the microsphere.

n

FWHM of the PSF

(k/?) (lm/lm) M

Dipole spatial

resolution

(k/?) (nm/nm)

Resolution in

terms of

k (k/?)

1.3 1.54/1.32 6.1 252/216 0.51k/0.43k
1.35 1.59/1.33 6.4 248/208 0.5k/0.42k
1.4 1.66/1.38 6.8 244/203 0.49k/0.4k
1.45 1.7/1.4 7.2 236/194 0.47k/0.38k

TABLE II. Simulated FWHM of the PSF, magnification M, and the dipole

resolution at the imaging plane of the microsphere based imaging system

when the transverse point dipole is placed on different targets.

Base material

of target

FWHM of the PSF

(k/?) (lm/lm) M

Dipole spatial

resolution

(k/?) (nm/nm)

Resolution in

terms of

k (k/?)

Air 1.73/1.4 7.2 236/194 0.47k/0.38k
AO 1.3/1.19 7.6 171/156 0.34k/0.3k
FS 1.56/1.3 7.4 210/175 0.42k/0.35k

TABLE III. Simulated FWHM of the PSF, magnification M, and the dipole

resolution at the imaging plane of the microsphere based imaging system

when the longitudinal point dipole is placed on different targets.

Base material

of target

FWHM of the

PSF (nm) M

Dipole spatial

resolution (nm)

Resolution in

terms of k

Air 860 6 143 0.28k
AO 790 6.6 120 0.24k
FS 840 6.4 131 0.26k

204102-3 V. M. Sundaram and S.-B. Wen Appl. Phys. Lett. 105, 204102 (2014)



thin film gold nanostructures with width less than 0.2 k is the

same as two point transverse dipoles located at the center of

the two thin film nanostructures. Therefore, for any gold thin

film nanostructure with a width less than 0.2 k, the minimum

resolvable “center to center” separation distance of the nano-

structure on AO is �0.3 k as determined in Table II. This

statement can be used to explain the reported �0.1 k “edge

to edge” resolution in microsphere imaging results with thin

film gold nano-patterns.4,10

For the elongated nanostructure with a thickness �k, it

is observed from the similar simulation that the electric field

inside the nanostructure is mainly in the longitudinal direc-

tion (i.e., Ez � 5 Ex) (Fig. 4(b)). The electron oscillation

inside the elongated nanostructure is almost spatially coher-

ent when the width of the nanostructure is �0.1 k. Hence,

the induced re-emission from an elongated gold nanostruc-

ture of width �0.1 k under an external illumination is similar

to emission from a finite size longitudinal dipole (with length

equal to the thickness of the nanostructure). Since the image

spread function of a finite size longitudinal dipole (with

infinitely small width) is equal to the point spread function

of a point longitudinal dipole (also infinitely small width) on

the image plane, the image pattern of two elongated gold

nanostructures with width less than 0.1 k is the same as two

point longitudinal dipoles located at the center of the two

elongated nanostructures. Therefore, for any elongated gold

nanostructure with a width less than 0.1 k, the minimum

resolvable “center to center” separation distance of the nano-

structure on AO is �0.24 k as determined in Table III, which

corresponds to “edge to edge” resolvable separation distance

�0.14 k.

In conclusion, due to the almost 90� light acceptance

angle of the microsphere as well as the solid immersion

effect from the microsphere and the target, the highest spatial

resolution in fused silica microsphere imaging for point sour-

ces on an AO target is �0.3 k for transverse dipole and

�0.24 k for longitudinal dipole imaged. These imaging

resolutions correspond to (a) minimum resolvable center to

center separation distance �0.3 k for thin metallic nanostruc-

ture with a width �0.2 k, which corresponds to edge to edge

resolvable separation distance commonly reported in experi-

ments as �0.1 k; and (b) minimum resolvable center to cen-

ter separation distance �0.24 k for elongated metallic

nanostructure with a width �0.1 k when the nanostructures

are on AO substrate, which corresponds to edge to edge

resolvable separation distance commonly used in experi-

ments as �0.14 k.
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FIG. 4. Phase plot of x component of

electric field when focused light

(NA� 0.7) is incident on a gold thin

film nanostructure with a width �0.2 k
and thickness �30 nm. (b) Phase plot

of z component of electric field when

focused light (NA� 0.7) is incident on

an elongated gold nanostructure with a

width �0.1 k and thickness �k.

204102-4 V. M. Sundaram and S.-B. Wen Appl. Phys. Lett. 105, 204102 (2014)

http://sc.tamu.edu/
http://dx.doi.org/10.1038/ncomms1211
http://dx.doi.org/10.1063/1.3662010
http://dx.doi.org/10.1088/0957-4484/23/28/285708
http://dx.doi.org/10.1063/1.4757600
http://dx.doi.org/10.1063/1.4757600
http://dx.doi.org/10.1364/AO.52.007265
http://dx.doi.org/10.1021/nn406201q
http://dx.doi.org/10.1038/lsa.2013.64
http://dx.doi.org/10.1038/lsa.2013.60
http://dx.doi.org/10.1002/smll.201302942
http://dx.doi.org/10.1063/1.4864760
http://dx.doi.org/10.1063/1.121457
http://dx.doi.org/10.1063/1.123168
http://dx.doi.org/10.1063/1.103828
http://dx.doi.org/10.1364/OL.38.002988
http://dx.doi.org/10.1364/JOSAA.14.000547
http://dx.doi.org/10.1364/AOP.1.000001
http://dx.doi.org/10.1016/S0030-4018(99)00729-4

	f1
	l
	n1
	f2
	f3
	t1
	t2
	t3
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	f4

