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We have found an alternative way of achieving a doughnutlike focused spot by simply melting a sub-
wavelength scatterer in a polycarbonate/ZnS sample. The near-field microscopy technique is used to
directly measure the induced doughnut spot in the near-field regime. A numerical model based on rig-
orous solution of the Maxwell’s equations is proposed to study the phenomena. The simulations help to
understand the optical mechanism behind the spot formation. © 2012 Optical Society of America
OCIS codes: 190.0190, 190.4870.

1. Introduction

In many modern optical techniques, there is an in-
creasing interest in having a structured focused spot
in the focal plane of an optical system. In particular, a
doughnutlike focused spot is desired because of its
interesting properties and potential applications.
For example, stimulated emission depletion micro-
scopy relies on a hollow spot, i.e., the dark central
region of a doughnut-shaped spot, to achieve super-
resolution [1]. Double-beam subdiffraction lithogra-
phy using two beams and direct laser writing also
use a doughnutlike spot [2,3]. Another fascinating
application is optical trapping, where the central
dark zone of the doughnut spot is used to trap and
manipulate tiny objects that are repelled and pushed
away from the regions of maximum intensity [4,5].

A doughnutlike spot can be generated by manipu-
lating the state of polarization of a laser beam inci-
dent on a lens. Particularly, an azimuthally polarized
light leads to such hollow spots [6,7]. When focusing
an azimuthally polarized beam, a dark central
zone is always achieved due to a nonexistence of a

longitudinal field component at the focal plane, re-
gardless of the NA of the focusing lens [8]. Typically,
additional optical elements are required along the
optical lightpath in order to change the state of po-
larization of the light [6,9], which inevitably raises
the complexity of the optical setup, and inmost cases,
the final cost of the setup. In addition, by placing a
polarizer along the optical path, a considerable
amount of light energy is lost, which may be disad-
vantageous in some applications. In this context, it
becomes interesting to have an alternative technique
that generates a doughnutlike focused spot without
changing the polarization of a laser beam.

In this work, we aim to experimentally demon-
strate the possibility of having a near-field struc-
tured doughnut focused spot by simply using a
sample composed of polycarbonate (PC) substrate
and a thin layer of a ZnS:SiO2. The basic idea behind
this technique, which we call near-field self-induced
hollow spot, is to focus a laser through the PC layer
onto the ZnS:SiO2, in such a way that part of the light
reflected from the interface PC∕ZnS:SiO2 construc-
tively interferes in the vicinity of the boundary,
already in the PC layer, heating a small portion of
it. As a result, this tiny region will degrade into a
molten state, resulting in a change in the optical
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parameters, as if a near-field optical scatterer were
created in the PC layer. The incoming focused light
generating and interacting with this near-field scat-
terer would result in a localized near-field hollow
spot. To investigate whether a doughnutlike spot is
indeed generated, near-field measurements of the
focused light transmitted through the sample are
performed using a scanning near-field optical micro-
scope (SNOM), with a near-field probe in direct con-
tact with the surface of the sample. In addition, a
phenomenological model supported by experimental
evidence is developed and run on a rigorous three-
dimensional (3D) finite-element method (FEM) tool
[10,11] to describe the effect. Finally, the model is
employed to investigate another type of material,
namely, silver dioxide, which potentially yields to a
similar structured spot formation. We divide this pa-
per in two main sections. In the first one, Section 2,
the details of the experimental setup, along with the
near-field measurements, are shown. In the second
part, Section 3, we present the numerical model,
based on rigorous solution of the Maxwell’s equa-
tions, useful to understand the measurement results.
Conclusions of this work are given in Section 4.

2. Experimental Generation of the Doughnut Spot

A. Experimental Setup

A schematic diagram of the experimental setup is
shown in Fig. 1. A diode laser operating at 405 nm
wavelength (Laser Components, CS4051205X) was
coupled into a single-mode fiber and redirected to
the SNOM (Witec Alpha 300S). Modifications were
done in the SNOM scanning table to include a NA �
0.6 DVD lens, mounted on a 20 μm piezo stage (Jena
Mipos 20), so that the focal plane can be adjusted.

The sample was placed in the focal region of the
DVD lens. Near-field maps of the focused spots were
taken in a 2 μm × 2 μm scanning window. In this
study, we have used a sample consisting of one layer
of ZnS:SiO2 (35 nm thick) deposited on a 600 μm PC
substrate, as shown in the bottom left of Fig. 1. A sec-
ond sample consisting of 35 nm ZnS:SiO2 deposited
on glass by magnetron sputtering was also fabricated
for reference.

B. Near-Field Measurements

The spot measurements were carried out in the near-
field regime, i.e., with the SNOM probe in contact
with the sample surface. The laser light is focused
on the sample. In order to determine the best focal
plane, an initial set of measurements at low power
was performed. The smallest spot with highest inten-
sity is considered as the best focused spot. An exam-
ple of a measured spot in the best focal plane is
shown on the top left of Fig. 1. The spot full width
at half maximum is found to be 385� 5 nm, slightly
higher than the theoretical diffraction-limited spot of
the system, 340 nm.

After finding the focal plane, the laser intensity
was gradually increased, in steps of 0.5 mW, and
for each step a new near-field measurement was ta-
ken, always in the same plane. In Fig. 2, a sequence
of measured spots is shown for laser intensities vary-
ing from 2.0 to 3.5 mW. At 2.0 mW, the focused spot
presents the expected Airy pattern. After increasing
the intensity, a disruption on the spot Airy-like
intensity profile is gradually observed. The spots
measured at 2.5 and 3.0 mW exemplify this gradual
progression, which, at a final stage, turns into a
doughnutlike focused spot, as seen in the bottom
right of the figure.

Once the doughnut spot is observed, its character-
istics are studied. The diameter of the doughnut spot
is found to be approximately 1.1 μm, whereas the
diameter of the inner dark region is around 780 nm,

Fig. 1. (Color online) Lightpath inside the SNOM microscope.
The modified scanning table holds the DVD lens and the sample.
Near-field measurements are taken with the SNOM tip in contact
with the sample surface, in the near-field regime. An example of a
measured focused spot is shown on the top left.

Fig. 2. (Color online) Measured focused spots intensity distribu-
tion at the focal plane for different laser power. The doughnut spot
is formed at 3.5 mW.
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at the best focal plane. By slightly adjusting the DVD
lens to focus either before or after the best focal
plane, no significant changes in the spot shape were
observed, as displayed in Fig. 3. These results indi-
cate a reasonably good stability of the formed spot.

To exclude the possibility of having the ZnS:SiO2
layer as the source of the effect, we performed the
same type of measurements on the reference sample,
in which the ZnS:SiO2 layer is deposited on a glass
substrate. None of the measurements resulted in the
referred doughnut spot, regardless of the laser power
employed. In Fig. 4, we show the peak intensity
values as function of the laser power, obtained from
the measured focused spots using the PC and refer-
ence samples. Note that the maximum intensity on
the reference sample always occurs at the center of
the Airy-like spot profile, whereas in the PC sample
it may be shifted to the rings of the doughnut after its
formation. Clearly, the peak intensity of the mea-
sured spots on the glass sample increases linearly
with the laser power. This linear behavior does not
occur in the PC sample, which indicates that the

optical properties of the PC layermust have changed.
In particular, the decrease in the peak value is an
indication that the extinction coefficient of the PC re-
fractive index has increased during the process. In
the next section we will explore this possibility using
a simulation model in an attempt to understand the
near-field doughnut spot formation.

3. Simulation Model

A. Field on the Focal Plane

Prior to a fully rigorous 3D FEMmodel, we have com-
puted the focused spot in a stratified focal region by
solving the vectorial diffraction integral using the
Richards and Wolf method (see [12] and the refer-
ences therein), for the PC with and without the
ZnS:SiO2 layer. The NA � 0.6 objective lens focuses
a circularly polarized laser beam, from the positive z
direction, at the plane z � 0 nm (i.e., inside the
ZnS:SiO2 layer). The refractive indices of the PC and
the ZnS:SiO2 are n � 1.62 and n � 2.21 at 405 nm,
respectively [13]. The results are shown in Fig. 5.
In both cases, the light reflected from the boundaries
PC∕ZnS:SiO2 and PC/air interferes with the incom-
ing light, generating the standing waves seen in
the positive z region of the space. However, when
the ZnS:SiO2 is present, the computed peak intensity
of the first maxima is enhanced by a factor of 1.5
when compared with the case where the ZnS:SiO2
is absent. Based on this observation, it is plausible
to conclude that, in a tiny overheated region close
to the boundary PC∕ZnS:SiO2 where this peak inten-
sity occurs, a thermal induced amorphization of the
PC material would result in changes in the electric
permittivity.

Fig. 3. (Color online) Measured intensity distribution of the doughnut spots at different planes. After its formation, the doughnut-shaped
spot does not change significantly after defocusing the DVD lens.

Fig. 4. (Color online) Focused spots peak intensity value as func-
tion of the laser power. A linear response was obtained with the
reference sample, indicating that the nonlinear response is coming
from the PC.

Fig. 5. (Color online) Computed focused electric field distribution in a multilayered space consisting of (a) PC/ZnS/air and (b) PC/air.
Light reflected from the interfaces interferes constructively with the incoming light. Higher peak will occur when the ZnS∶SiO2 is present.
The intensities are normalized by the maximum value of (a).
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B. Rigorous 3D Model

Following the discussion from the previous subsec-
tion, there is evidence that a change in the refractive
index of the PC layer will occur in a tiny region close
to the interface with the ZnS:SiO2 layer. Therefore, to
model such an effect, we assume that the permittiv-
ity function of the PC layer becomes a function of po-
sition, ϵ � ϵ�x; y; z�, to represent the local thermally
modified region. The generation of this modified

region occurs at places where the standing waves
have high intensity values. For simplicity, we consid-
er that only the first maxima in the PC layer (the one
closest to the ZnS:SiO2 layer) will generate the mod-
ified region. The physical dimensions of the modified
region can be estimated as follows: along the z-axis,
the first maxima is localized at z � 95 nm and the
normalized intensities within the range 75 ≤ z ≤
115 nm are higher than 0.8. On the radial direction,
the intensity profile has approximately a Gaussian
distribution, which in turn has circular symmetry
in the x-y plane. Therefore, we define the following
permittivity function for the PC layer:

ϵ � ϵ�x; y; z � 115 ≤ z ≤ 75�

�
�
�n2 � k2i�2; if

����������������
x2 � y2

p
≤ r

�n1 � k1i�2; elsewhere
; (1)

where r is the radius of the circular region within
the focused spot whose intensity values are above
a chosen threshold, exemplarily considered as
0.8. Increasing the laser intensity is emulated by

Fig. 6. (Color online) Measured intensity values at the coordi-
nates coincident with the center of the formed hollow spot. The
intensity drops from the unity to approximately 0.3, for nonmolten
to molten PC. Positions 1 and 2 refer to two neighbor pixels in the
measured data.

Fig. 7. (Color online) Schematics of the proposed model. (a) Top left: 3D FEM computational box with refinement in the region where the
cylinder has to be meshed. Top right: the actual representation of the cylinder projected in the x-y plane. The cylinder is colored dark on
purpose to enhance visibility. Bottom figure: normalized total electric field along the x-z plane for the complete stack layer, including the
molten regionwith r � 120 nm. A dark spot is formed underneath the ZnS-SiO2 layer. (b) Simulated focused spot across the x-y plane, 5 nm
below the ZnS-SiO2∕air boundary. A clear doughnut spot formation is verified.
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changing the threshold value, and consequently, the
radius r and the z interval. A quick analysis of Eq. (1)
reveals that, in practice, a cylinder with radius r and
height equal to the z-axis interval is defined in a
small region inside the focused spot area. The per-
mittivity is taken as the squared refractive index,
whose values in the molten state should be such that
the inner part of the cylinder becomes more absorb-
ing than the outside part, resulting in a structure
that can be referred to as “near-field scatterer
structure.”

Next, we estimate the PC refractive index in the
molten state. For this goal, we have considered the
(complete) set of measurements shown in Fig. 2.
The intensity values at the coordinates coincident
with the center of the formed doughnut spot are mea-
sured and plotted in Fig. 6. The measured intensity
drops from the unity to approximately 0.3, in the
center of the hollow spot (position 1), which is formed
underneath the molten region. Next, we assumed
a molten PC layer with thickness of 40 nm (115 ≤ z ≤
75 nm), and computed the transmitted focused field
intensity using the Richards and Wolf approach. The
molten PC layer is assumed to have the same real
part of the refractive index as in the initial state,
whereas the imaginary part was varied in order to
match the measured drop in intensity. Under these
conditions, we roughly estimate that the extinction
coefficient that allows for such an intensity drop
should be approximately k2 � 2.

In Fig. 7(a), a schematic drawing of the proposed
rigorous model is shown. A 3D FEM computational
box is defined on a hexahedral mesh, refined in
the region where the cylinder has to be meshed, as
seen in the top left. On the top right, the actual re-
presentation of the circular projection of the cylinder
is emphasized. In the bottom figure, the normalized
total electric field, computed along the x-z plane for
the complete stack layer, including the molten region
(r � 120 nm), is shown. The z-axis shows the position
of each layer as they are defined in the computational
domain. As seen, the molten region in the PC layer
(dotted square) is responsible for absorbing part of
the incident light, leaving a dark region underneath
it. Below the ZnS-SiO2 layer, the dark region can still
be seen.

To evaluate the spot field distribution across the
x-y plane, we computed the electric field in the plane
5 nm below the ZnS-SiO2∕air boundary (in the z-
direction) for different radius r, as shown in Fig. 7(b).
This particular z-plane is chosen to allow for qualita-
tive comparisons with the near-field profiles mea-
sured experimentally with the SNOM. When the
scatterer region has a small radius, r � 50 nm, a
small portion in the central region of the incident
spot is partially absorbed. However, no doughnut for-
mation is seen. As the radius of the scatterer region
is increased, a clear doughnut-shaped intensity dis-
tribution is formed. A larger scatterer, having a
radius of 200 nm, results in a hollow spot with a very

Fig. 8. (Color online) (a) Normalized total electric field along the x-z plane for the complete AgOx stack layer, including the Ag cluster
region with r � 120 nm. A dark spot is again formed underneath the ZnS-SiO2 layer. (b) Simulated focused spot across the x-y plane, 5 nm
below the ZnS-SiO2∕air boundary. The desired doughnut spot formation is observed.

7688 APPLIED OPTICS / Vol. 51, No. 31 / 1 November 2012



dark central region. The diameter of the doughnut
spot is 920 nm, and the diameter of the inner dark
region is 500 nm. After this point, the doughnut
shape deteriorates gradually, being completely lost
if the radius of the scatterer is comparable or larger
than the radius focused spot itself. Additional simu-
lations with different values of k2 and z intervals
show a similar doughnut formation. Hence, the only
necessary condition to achieve the desired spot is by
melting a small region in which the extinction coeffi-
cient of the material is locally increased. Based on
this fact, different materials that posses this feature
can be potentially used as the active layer.

C. Alternative Stack Layer Based on AgOx

As an alternative for the PC, a stack layer comprising
a thin layer of AgOx is numerically studied. The AgOx
is known to respond nonlinearly to a strongly focused
spot above a certain power threshold [14]. In fact, the
AgOx thin film decomposes itself into a cluster rich in
Ag after the oxygen is released due to the thermal
energy. As a result, a dramatic increase in the extinc-
tion coefficient occurs. Specifically, the refractive
index changes from n � 2.66� 0.1i in the AgOx state
to n � 0.7� 3.65i in the Ag state at 405 nm wave-
length. Furthermore, this change occurs in a reversi-
ble manner, making the AgOx a perfect candidate for
the active layer. To evaluate this material, we have
considered a stack layer consisting of a 20 nm AgOx
layer, surrounded by two ZnS∶SiO2 dielectric layers,
deposited on glass [14]. The field is computed using
the model previously described. The advantage of
using a thin layer of a nonlinearmaterial with known
thickness is that the height of the cylinder is no long-
er a variable but only its radius. In Fig. 8(a), the total
electric field along the x-z plane is shown for an Ag
cluster scatterer of 120 nm radius. Similarly to the
PC case, this stack layer also generates a well-
defined dark region underneath the scatterer, indi-
cating that the formation of the doughnut spot will
also occur. Indeed, by plotting the focused spot com-
puted along the dotted line in the plane x-y [see
Fig. 8(b)], the desired structured spot is found de-
pending on the radius of the near-field scatterer,
which in turn is related to the incident laser power.
The particular spot computed with 120 nm scatterer,
for instance, presents a diameter of 900 nm and a
diameter of inner dark region of 400 nm. The inten-
sity ratio between the maximum intensity on the
ring and the minimum intensity on the central dark
region is 1∶0.1. Considering the aforementioned
properties of the AgOx layer, we believe that this ma-
terial is perfect to achieve the near-field self-induced
doughnut spot.

4. Conclusions

In conclusion, we experimentally observed the
doughnut spot generation in a PC/ZnS sample, after
a high-power blue laser was focused onto the sample.
The near-field measurements show that a stable
hollow spot is formed at 3.5 mW laser power, as a

result of the focused field interacting with an induced
molten region. The doughnut spot formation me-
chanism was discussed based on the experimental
evidences combined with a numerical model based
on the FEM. Simulations show that indeed such a
peculiar spot can be formed under specific circum-
stances. In fact, the only requirement necessary is
a change in the refractive index in which the extinc-
tion coefficient becomes higher in the molten state.
Therefore, other materials that posses this property
could be used as the active media, as the simulations
with AgO2 demonstrated. Hence, in this work we
propose a new technique to obtain a doughnutlike
focused spot without changing the laser beam
polarization, establishing ideas that advancedmicros-
copy, laser writing, and optical trapping could take
advantage of.
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