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Recently, many methods based on amplitude or phase modulation to reduce the focal spot and

enhance the longitudinal field component of a tight-focused radially polarized light beam have

been suggested. But they all suffer from spot size limit 0.36k/NA and large side lobes strength in

longitudinal component. Here, we report a method of generating a tighter focused spot by focusing

radially polarized and azimuthally polarized beams of different wavelengths on a thin

photochromic film through a high-numerical-aperture lens simultaneously. In this method, by

suppressing the radial component and compressing the longitudinal component of radially

polarized beam, absorbance modulation makes the ultimate spot size break the size limit of

0.36k/NA with side-lobe intensity of longitudinal component below 1% of central-peak intensity.

The theoretical analysis and simulation demonstrate that the focal spot size could be smaller than

0.1k with nearly all radial component blocked at high intensity ratio of the two illuminating beams.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4864775]

Over the past decades, radially polarized light beam has

attracted growing attentions and lots of theoretical and ex-

perimental results have been reported. Owning to the unique

characters of strong longitudinal component at the focal

plane of a high numerical aperture lens, there are a variety of

practical applications with radially polarized beams, espe-

cially in near-field such as near-field microscopy,1–4 near-

field second-harmonic generation,5 plasmon excitation,6 tip-

enhanced Raman spectroscopy,7 and optical data storage.8,9

When a radially polarized beam is focused without any

modulation, the electric field components in the focal plane

contain the radial component Er and the longitudinal compo-

nent Ez.
10 The longitudinal component produces strong in-

tensity along the beam axis, whereas the radial component

produces an intensity distribution around the axis, making

the spot size bigger than that obtained with linearly or circu-

larly polarized beams.11,12 However, smaller focal spot with

longitudinal component enhancement is highly needed by

the applications of radial polarized beams in the field of

imaging, sensing, and optical storage. Therefore, many

methods using diffraction devices, including amplitude mod-

ulation (mainly annular aperture type)11,13,14 and phase mod-

ulation,15,16 have been implemented to compress the focal

spot and enhance the longitudinal component.

By amplitude modulation with annular aperture devices,

Quabis et al. and Yang et al. have achieved a tight-focused

spot down to 0.161k2 (NA is 0.9) and 0.0711k2 (NA is 1.4)

in size, respectively.11,13 Dehez et al. also proposed a practi-

cal solution to produce a needle of longitudinally polarized

light with a transverse width of 0.36k by choosing a para-

bolic mirror.14

By phase modulation, Wang et al. focused a radially

polarized Bessel–Gauss beam with a binary optical element

and a lens to generate a longitudinally polarized beam needle

with a full-width at half-maximum (FWHM) of 0.43k in the

transverse direction.15 Kalosha and Golub used a combination

of a superresolving three-zone plate and a Fresnel diffractive

lens to produce a focal spot approaching superresolution

allowed subdiffractive limit 0.36k/NA.16

However, the amplitude modulation and the phase modu-

lation all work with diffraction devices. Because electric field

in the focal region of a tightly focused radially polarized light

is dominated by longitudinal component and its amplitude

profile follows a Bessel function of the first kind of order

zero J0(kr), the methods aforementioned are hard to break the

size limit of the tightly focused spot of radially polarized

light, i.e., 0.36k/NA, which has been demonstrated by Quabis

et al., and Grosjean and Courjon.17,18 Furthermore, the intro-

duction of amplitude or phase modulation diffraction ele-

ments have produced intrinsic side lobes in longitudinal

component.11,13–18 The side lobes of longitudinal component

degenerate the quality of focused radially polarized beam and

lead to a great background noise, which is not preferable to

the applications of super-resolution optical data storage,

near-field microscopy, lithography, and tip-enhanced Raman

spectroscopy.1,2,7,8,19

In this letter, we propose a method to generate a tighter

focal spot with suppressed side lobes of longitudinal compo-

nent using absorbance modulation. The proposed method

can not only reduce the radial component but also compress

the longitudinal component of the radially polarized beam

due to near-field effect, which leads to the breaking of the

focal spot size limit 0.36k/NA with the side-lobe intensity of

longitudinal component less than 1% of the peak intensity at

the center. Calculations show that the FWHM of the focal

spot size could be sharply decreased to smaller than k/10
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with nearly all radial component blocked at high intensity ra-

tio of the two illuminating beams.

Absorbance modulation was first proposed by Menon

and Smith,20 used for optical lithography, in which a thin

film of photochromic material, as absorbance-modulation

layer (AML), is placed on top of photoresist and illuminated

simultaneously by a focal spot of short wavelength (k1) and

a ring-shaped illumination of long wavelength (k2). The k1

radiation converts the photochromic material from configura-

tion A to configuration B, making it transparent to k1. The k2

radiation converts configuration B back to configuration A,

as shown in Fig. 1. Then, a compressed subwavelength trans-

parent aperture for k1 is generated in the AML and the photo-

resist can be exposed by the compressed focal spot of k1. It

is noted that the compression depends on the intensity ratio

of k2 to k1. Taking azobenzene polymer as photochromic

material, one-dimensional grating was achieved experimen-

tally.21 Using a thermally stable material, results of lines

with an average 36 nm width, about one-tenth the illuminat-

ing wavelength k1¼ 325 nm, were demonstrated in Ref. 22.

It is well known that when a radially polarized light is

tightly focused, the total intensity distribution is a central

peak with lobes aside, while the intensity distribution of

focused azimuthally polarized light is like a doughnut, simi-

lar to the radial component of a radially polarized beam.10,23

If we make tight-focused radially polarized light of short

wavelength k1 and azimuthally polarized light of long wave-

length k2 illuminate on AML simultaneously, adopting the

thoughts of absorbance modulation, a narrow transmission

aperture for k1 in the photochromic layer will be produced.

Since there is only the longitudinal component in focal spot

center, the radial component and side lobes of longitudinal

component of the focused radially polarized beam could be

greatly suppressed due to the absorbance modulation.

Therefore, a tighter focus for a radially polarized light beam

with longitudinal component dominant and suppressed side

lobes can be realized. The scheme of the method is illus-

trated in Fig. 1.

According to the vectorial diffraction theory,10,24 when

a radially polarized beam is focused by a high NA lens, The

electric field components near the focal plane are formulated

as follows:

Erðr; zÞ ¼ A

ða

0

cos1=2h sinð2hÞl0ðhÞJ1ðkr sin hÞeikzcoshdh; (1)

Erðr; zÞ ¼ 2iA

ða

0

cos1=2h sin2 hl0ðhÞJ0ðkr sin hÞeikzcoshdh: (2)

The electric field components of a focused beam with azimu-

thally polarized can be expressed as

E/ðr; zÞ ¼ 2A

ða

0

cos1=2 h sin hl0ðhÞJ1ðkr sin hÞeikzcoshdh; (3)

where a is the angle of the focusing system related to NA, J0

and J1 denote the first kind Bessel function of order 0 and 1,

respectively. The function l0(h) describes the amplitude dis-

tribution, we use uniform illumination in this letter, i.e.,

l0(h)¼ 1.25 For all the examples in this paper, NA¼ 0.9.

When a radially polarized light beam k1 and an azimu-

thally polarized beam k2 are simultaneously focused by a

high-numerical-aperture lens on AML, these lights can be

viewed as photons propagating through the absorptive me-

dium. Following the transport equation proposed by Arridge

et al.26,27 and the absorbance model presented in Refs. 17

and 18. Intensity distribution in the photochromic layer can

be represented as

@I1ðr; z; tÞ
@z

¼ �lnð10Þ½ðe1A � e1BÞ½A�ðr; z; tÞ

þ e1B½A�0ðr; z; tÞ�I1ðr; z; tÞ; (4)

@I2ðr; z; tÞ
@z

¼ �lnð10Þ½ðe2A � e2BÞ½A�ðr; z; tÞ

þ e2B½A�0ðr; z; tÞ�I2ðr; z; tÞ; (5)

where eA and eB are the molar absorption coefficients of A

and B configurations. I is the intensity in the layer. The num-

bers in the subscript represent the wavelength. [A0] is the ini-

tial concentration of A configuration molecule, while [A] is

the value in the absorbance-modulation layer. In steady state,

[A] is nothing to do with factor t and can be calculated by the

formula

½A�steadystateðr; zÞ

¼ a1BI1ðr; zÞ þ a2BI2ðr; zÞ þ kBA

ða1A þ a1BÞI1ðr; zÞ þ ða2A þ a2BÞI2ðr; zÞ þ kBA
½A�0ðr; zÞ;

(6)

where a1A¼e1A/1AB=EM1;a1B¼e1B/1BA=EM1;a2A¼e2A/2AB=
EM2;a2B¼e2B/2BA=EM2, / is the quantum efficiency, EM1 is

the energy of 1 mole of photon at k1, and kBA is the thermal

conversion rate of the AML from state B to state A. The

numbers in the subscript represent the wavelength, and the

letters AB and BA mean the conversion from the configura-

tion A to B and B to A, respectively.

To prove the feasibility of the proposed method, we use

above transport equation and absorbance model to analyze

and simulate the characteristics of transmitted light intensity.

FIG. 1. Scheme of tighter focus for a radially polarized light beam by absorb-

ance modulation. I10 and I20 are intensity of tightly focused radially polarized

light and azimuthally polarized light beam, respectively. Itran is the tighter-

focused intensity of radially polarized light after absorbance modulation.
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In the simulation, the absorbance-modulation layer is com-

posed of azobenzene polymer with the thickness of 200 nm.

The material parameters are referred from Refs. 21 and 27.

The wavelength of simultaneously focused radially polarized

beam and azimuthally polarized beam is k1¼ 400 nm and

k2¼ 532 nm, respectively. Since Menon et al. have proved

by lithography experiments that the intensity distribution cal-

culated at the bottom surface of the photochromic layer is in-

variable within certain depth of near field,21,22 the following

simulation and analysis will be implemented at the bottom

surface of the photochromic layer as well.

By contrast, the case of radially polarized beam of k1

focused alone on the absorbance-modulation layer is ana-

lyzed first. Figs. 2(a)–2(c) are the simulation results of the

longitudinal component, transverse component and total of

the tight-focused radially polarized beam, respectively. Fig.

2(d) is the point spread function (PSF) at the bottom of the

photochromic layer.

According to the characteristics of photochromic mate-

rial, the higher concentration value of A configuration is, the

stronger absorbance of k1 the material means to be.

Consequently, light can transmit from where the concentra-

tion value of A configuration is low. Since there is no beam of

wavelength k2 illuminating on the photochromic layer, the

photochromic layer here just acts as a normal absorption layer

and absorbance modulation does not happen. Therefore, as

Figs. 2(a) and 2(b) shown, both longitudinal and transverse

components of tight-focused radially polarized beam can pen-

etrate the photochromic layer, without any compression and

suppression. For NA¼ 0.9, the FWHM of the total electric

energy density spot is about 0.74k (296 nm), and the calcu-

lated spot size of longitudinal field alone is 0.49k (196 nm)

with side lobes about 6.4% of the peak intensity.

When the photochromic layer is exposed by tight-

focused radially polarized and azimuthally polarized light

beams simultaneously, the absorbance modulation occurs. In

the nodes center of azimuthally polarized light, only

longitudinal component of radially polarized light of k1 exits,

making the photochromic material convert from configura-

tion A to configuration B and the concentration of configura-

tion A decrease. This leads to the photochromic material in

the nodes center transparent to the central longitudinal com-

ponent of tight-focused radially polarized light. While in the

marginal area of the nodes, besides the conversion from con-

figuration A to B excited by k1, the increasing intensity of k2

makes the photochromic material convert from configuration

B back to A simultaneously. The absorbance competition

results in the increasing of the concentration of A and the

absorption of the longitudinal component, which will be

stronger gradually away from the nodes center. Finally, a

transmission aperture similar to a funnel appears for longitu-

dinal component, as shown in Fig. 3(a). Owning to the ab-

sorbance competing effects between the two beams, a

compressed longitudinal component can be achieved at the

bottom of the photochromic layer. To be noted here, the

compression of the longitudinal component is realized by ab-

sorbance modulation, so it will not generate large diffraction

side lobes, which is an advantage over conventional methods

using diffraction devices.

In the ring-shape area of the focused azimuthally polar-

ized light, the illumination of k2 and the transverse field com-

ponent (radial component) of radially polarized beam in k1

makes the photochromic material convert between configura-

tion A and B simultaneously. Due to the higher intensity of

k2 over k1, as shown in Fig. 3(b), the concentration of config-

uration A in the ring-shape area is much higher, making most

of radial component absorbed and blocked. Consequently, the

suppressed radial component and compressed longitudinal

component result in a highly compressed PSF at the bottom

of the photochromic layer, as can be seen in Fig. 3(d).

FIG. 2. Absorbance and light intensity distribution in absorbance-

modulation layer for (a) longitudinal, (b) transverse, and (c) total compo-

nents of the radially polarized beam. The top row represents intensity of

focused radially polarized beam. The concentration distribution of A config-

uration molecule of material is shown in the bottom line. (d) PSF at the bot-

tom of the photochromic material layer, when radially polarized light beam

exposed alone. Longitudinal, transverse, and total components are shown as

solid line, dashed line, and dashed-dotted line, respectively.

FIG. 3. Absorbance and light intensity distribution in absorbance-

modulation layer for (a) longitudinal, (b) transverse, and (c) total compo-

nents of the radially polarized beam. The top row represents intensity of

focused radially polarized beam, central row intensity of focused azimu-

thally polarized beam, bottom line the concentration distribution of A con-

figuration molecule of material. (d) PSF at the bottom of the photochromic

material layer, when radially polarized and azimuthally polarized light beam

exposed simultaneously at intensity ratio I02/I01¼ 40. Longitudinal, trans-

verse, and total components are shown as solid line, dashed line, and

dashed-dotted line, respectively.
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Compared with PSF at the same location shown in Fig.

2(d), both radial component and side lobes of longitudinal

component of tight-focused radially polarized beam are sup-

pressed by absorbance modulation with the peak intensity of

the longitudinal component remaining. In our simulation,

when the intensity ratio I02/I01 is 40, the FWHM of total in-

tensity spot is about 0.0945k (37.8 nm), and the FWHM of

the longitudinal field alone is 0.0935k (37.4 nm) with side

lobe less than 0.75% of the peak intensity. The tiny differ-

ence between the FWHM of total intensity and longitudinal

field means the radial component in the transmitted light is

very little.

Since absorbance modulation depends on the intensity

ratio of k2 to k1, the FWHM and intensity ratio of the side

lobe to the peak as a function of I02/I01 are calculated as

well, the results are plotted in Fig. 4. It is shown that the

FWHM of longitudinal component and total components

decreases with increasing intensity ratio and tends to be con-

sistent. However, there is a difference between them when

the ratio is small. This is because of less suppression for ra-

dial component during the absorbance competing between

the two beams at small ratio, which has been explained in

Fig. 3. Even so, the FWHM of longitudinal component is

121 nm as I02/I01¼ 3, which still breaks the focal spot size

limit 0.36k/NA (160 nm). It is indicated from Fig. 4 that the

FWHM of longitudinal component could be 40 nm as

I02/I01¼ 35, which is one-tenth the illumination wavelength

400 nm. Moreover, the intensity ratio of side lobe to central

peak also descends with increasing intensity ratio of k2 to k1.

Nevertheless, the maximal value is below 1%, it is smaller

than the value 6.4% before absorbance modulation achieved

in Fig. 2(d) and much smaller than that of the conventional

methods, which is approximately 20%.11,13–18

In conclusion, we proposed a method to generate a

tighter focal spot with suppressed side lobes of longitudinal

component for a radially polarized light beam using absorb-

ance modulation. In the proposed method, a thin photochro-

mic layer is illuminated by the tight-focused radially

polarized light and azimuthally polarized light of different

wavelengths simultaneously. Then, a transmitted focal spot

with the size breaking the focal spot size limit 0.36k/NA

could be achieved and the intensity of the side lobes of longi-

tudinal component could be below 1% of the peak intensity.

By using transport equation and absorbance model, the feasi-

bility of the proposed method is proved. The simulation and

analysis results show that the absorbance modulation of the

photochromic material could suppress the radial component

and compress the longitudinal component of the radially

polarized light without large diffraction side lobes generated.

The FWHM of the transmitted focal spot size could be

sharply decreased to smaller than k/10 with nearly all radial

component blocked at high intensity ratio of the two illumi-

nation beams. Therefore, by contrast with conventional

methods using diffraction devices, the proposed method

could generate a tighter focal spot with suppressed side lobes

of longitudinal component, which will open up extensive

application with radially polarized light.
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