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Herein we present a detailed analysis of the optical response of artificial opal films realized

employing a near-field scanning optical microscope in collection and transmission modes. Near-field

patterns measured at the rear surface when a plane wave impinges on the front face are presented

with the finding that optical intensity maps present a clear correlation with the periodic arrangement

of the outer surface. Calculations based on the vector Korringa–Kohn–Rostoker method reproduce

the different profiles experimentally observed as well as the response to the polarization of the

incident field. These observations constitute the first experimental confirmation of the collective

lattice resonances that give rise to the optical response of these three dimensional periodic structures

in the high-energy range. VC 2011 American Institute of Physics. [doi:10.1063/1.3573777]

I. INTRODUCTION

Since photonic crystals were proposed in 1987,1,2 they

have attracted great interest as they offer potential applications

in a wide range of fields.3 Three-dimensional photonic crystals

have been manufactured in diverse materials and using differ-

ent procedures ranging from those considered more conven-

tional, such as those based on self-assembly,4 to more

sophisticated methods, such as those based on direct laser writ-

ing5 or focus ion beam.6,7 Mainly the optical methods used for

characterizing these kinds of structures imply the study of both

far and near field ranges. Analysis of the far field is adequate

for reflectivity studies or stop-gap determinations,8,9 whereas

near field based techniques allow extracting information on

the photon local density of states of these sort of lattices.3

The development of the scanning near field optical

microscopy (SNOM) has recently opened new possibilities

to examining the electric field pattern of one- and two-

dimensional metallic structures10–12 as well as photonic crys-

tals in the near field range.13–21 In spite of being widely

studied, results for artificial opals, that is, ordered assemblies

of monodisperse submicrometric spheres, applying the SNOM

technique are very limited at present time. Flück et al.19 have

reported transmission measurements on polystyrene opals

made of 40 monolayers at wavelengths on the order of the lat-

tice parameter in the so-called transmission mode (also known

as illumination mode). In this configuration, the photonic crys-

tal is illuminated through an optical fiber with a probe tip

aperture of 100 nm, which remains at a constant distance of

<20 nm from the crystal frontal surface. The transmitted light

intensity is collected directly beneath the photonic crystal

(PC) by a photodiode detector in contact with the sample.

The SNOM images revealed a modulation of the integrated

light intensity at the rear surface with the same lattice constant

than the frontal illuminated surface. Larger transmission is

observed when the tip was positioned at the top of the spheres.

More recently, Bittku et al.20 reported patterns for eight

monolayer thick PMMA opal films grown from 180 nm radius

spheres using the conventional transmission mode. In this

case, it was observed that the light transmission intensity map

was strongly dependent on intrinsic structural defects along

the crystal.

In this paper, SNOM measurements in polystyrene artifi-

cial opal thin films made of 0.75 lm diameter spheres are

compared and reported. The observed transmitted intensity

pattern reveals that light is launched more efficiently on top

of the spheres rather than between the spheres. These results

fairly reproduce and confirm the conclusions reported by

Flück et al.,19 who studied the coupling mechanism of light

coming from a pointlike light source to a colloidal crystal. In

turn, in collection mode, a quasiplanar wave is used to illu-

minate the sample, whereas the transmitted light is detected

by an optical probe fiber tip located at few nanometers from

the spheres in the rear surface. We have found that the

SNOM pattern obtained shows a clear periodicity that dou-

bles the photonic crystal lattice constant. Furthermore, this

pattern rotates with the polarization of the incident wave,

which confirms its relation with the specific type of coupling

existing between the incoming wavelength and the lattice.

Our results compare well with those attained from simula-

tions performed using a layered vector Korringa—Kohn–

Rostoker (KKR) model.

II. EXPERIMENTAL

The growth of colloidal crystals from polystyrene (PS)

colloids in de-ionized water was carried out using a variation

a)These authors contributed equally to this work.
b)Electronic mail: francisco.jaque@uam.es.
c)Electronic mail: hernan@icmse.csic.es.
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of the vertical deposition method developed by Colvin et al.4

For this purpose, commercial PS colloidal particles (IKER-

LAT) with an average diameter of 0.75 lm (polydispersity

about 3%) were used. Substrates employed were glass micro-

scope slides (12� 76 mm), which were cleaned with doubly

distilled water, acetone, carbon tetrachloride, and a 4:1 vol-

ume ratio H2SO4:H2O2 solution before being dried with a N2

flow. These substrates were dipped into a cylindrical glass

beaker (inner diameter, ca. 25 mm; volume, 25 ml) contain-

ing the PS colloidal suspensions (15 ml) with a concentration

of 0.04% wt. Then the beakers were placed in an oven at

50 �C, and water was evaporated while the colloidal crystal

formed on the substrate.

The SNOM images were obtained using a Nanonics

Imaging Ltd model MultiView 2000 TM. A continuous

wave laser beam from a 532 nm doubled Nd:YAG laser was

coupled into the near-field probe. In the transmission mode,

the sample frontal surface is illuminated through the fiber

probe with a �100 nm tip aperture. The transmitted light is

collected through a 10� long work distance objective and

focused into an avalanche photodiode. On the other hand, in

the collection mode, the frontal surface of the sample is illu-

minated directly by the 532 nm laser beam, and the light

transmitted by sample is collected using a 200 nm tip size

fiber coupled to a photon counting system. In the two config-

urations, the SNOM probe tip works in the tuning fork alter-

native contact procedure. A data processing program by

Nanotec was employed.22 It should be remarked that the ra-

tio between the lattice parameter of the artificial opal under

analysis and the laser wavelength we use is a/k¼ 1.98,

which implies that the analysis is being performed for a spec-

tral region in which the field distribution is expected to be

strongly influenced by the fine features of the sample.

III. RESULTS AND DISCUSSION

Figure 1 shows schematic drawings of the experimental

setups used for our analysis. To perform a measurement in

transmission mode [see Fig. 1(a)], the sample is illuminated

through an optical fiber probe with subwavelength aperture.

Such probe is located very close to the colloidal crystal outer

surface. Light is detected through a long working distance

objective placed beneath the sample. For this reason, the

topographic and the optical information obtained by using

this mode do not correspond to the same surface of the

colloidal crystal: light impinges on one side of the crystal

under near optical field conditions, whereas the detector

records the integrated light intensity that exits the sample on

the opposite side. On the other hand, in the collection mode

[see Fig. 1(b)], a planar wave illuminates a relatively large

area (on the order of several square micrometers) of the front

face of the colloidal crystal film, and an optical fiber tip,

located at a few nanometers from the spheres, is employed to

collect the light transmitted through the rear side. In this lat-

ter case, both topographic and optical information obtained

correspond to the same face and local area of the sample.

A. Transmission mode

Figures 2(a) and 2(b) show, respectively, the topo-

graphic and the optical images obtained by using a SNOM in

the transmission mode. In Fig. 2(a), we show the well known

triangular arrangement of the spheres corresponding to the

outer surface of the photonic crystal, which corresponds to

the (111) plane of a slightly distorted face-center-cubic struc-

ture.23 It is important to point out that no information about

the spatial distribution of the transmitted near-field could be

extracted from Fig. 2(b) because the objective harvests all

light exiting from the bottom crystal facet without spatial

discrimination. Instead, this mode provides information on

the efficiency of energy transfer as a function of the position

of the illuminating tip at the frontal surface. Figures 2(c) and

2(e) show, respectively, the two-dimensional (2D) self-corre-

lation (SC) and the fast Fourier transform (FFT) analysis of

the topographic image. In the FFT representation, the k¼ 0

and the first-order reciprocal-lattice are observed. The sharp-

ness of these spots indicates that the lattice is well defined.

The SC image supports these assumptions. It is important to

mention here that the crystal surface shows imperfections

such as dislocations, vacancies, or cracks. This way, the SC

is employed as a tool for finding a repeating pattern. In our

case, this function allows revealing a periodic signal, related

to the ordered structure, which lay hidden under the

FIG. 1. (Color online) Schematic drawings of the near-field setups used for

our analysis. (a) In the transmission mode, light is launched from a near-field

probe to the artificial opal film. An objective beneath the sample detects all the

light reaching the rear side of the sample. (b) In the collection mode, a quasi-

planar wave is used to illuminate the slab, whereas the transmitted light through

the sample is collected by an optical probe located close to the spheres.

FIG. 2. (Color online) (a) 2D topographic image of the illuminated surface

of the PC. (b) 2D light intensity distribution using the SNOM transmission

mode. Self-correlation analysis of the topographic (c) and the optical (d)

images presented in (a) and (b), respectively. Scale bars are 1 lm. 2D Fou-

rier Transforms of the topographic (e) and the optical (f) images presented

in (a) and (b), respectively.

083514-2 Barrio et al. J. Appl. Phys. 109, 083514 (2011)

Downloaded 06 Jul 2012 to 161.111.153.11. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



unavoidable noise caused by the presence of intrinsic defects

However, despite these anomalies, the triangular arrange-

ment mentioned in the preceding text is preserved. As a

working protocol, zones away from leaps between terraces

of different thickness24 or domain boundaries were always

chosen.

At first glance, the optical image does not clearly show a

periodicity in the transmitted light intensity as it can be seen

in Fig. 2(b). However both the SC and FFT images displayed

in Figs. 2(d) and Fig. 2(f), respectively, reveal a modulation of

the spatially integrated transmitted light intensity with the

same lattice constant of the frontal surface of the colloidal

crystal, a hexagonal pattern of bright intense spots being

clearly visible. Topographic and optical profiles along the line

traced in Figs. 2(a) and 2(b) are plotted in Fig. 3 as black and

red lines, respectively. In all the measurements, more trans-

mitted light is detected when the illuminating tip is positioned

on the top of a sphere, and less light is collected when the

near-field probe is placed between the spheres. The results of

our optical analysis confirm the data previously reported by

Flück et al.19 As they claimed, optimized coupling between

incoming radiation and the (111) surface of an artificial opal

is achieved when light is launched at the top of a sphere.

B. Collection mode

In this mode, a quasiplanar wave is used to illuminate

the frontal surface of the colloidal crystal, whereas the trans-

mitted light is detected by an optical probe located at a few

nanometers from the spheres in the rear surface. Notice that

this is the same illumination configuration employed when

standard far optical field measurements, such as reflectance

or transmittance, are performed. Therefore this setup could

allow observing the fine features of the transmitted optical

field before reconstruction takes place away from the sample

to yield the well-known homogeneous distribution of the far-

field. In Fig. 4, we present the transfer of light transmitted

through the sample and collected by a near-field fiber probe.

Figure 4(a) shows the topographical information obtained

simultaneously with the near-field pattern presented in Fig.

4(b). The comparison of these two images allows us analyz-

ing the spatial distribution of the transmitted near-field when

a planar wave impinges on the artificial opal film. As is

expected, the AFM image presented in Fig. 4(a) reveals the

same triangular arrangement observed in Fig. 2(a). Interest-

ingly, the 2D FFT and the SC of the optical image [see Figs.

4(d) and 4(f)] exhibit a diffraction pattern similar to the one

displayed in Fig. 4(e). This fact indicates that the light inten-

sity distribution throughout the area analyzed is clearly

related to the periodic structure. As far as we know, this is

the first time a periodic profile of the near field pattern is

observed from an artificial opal by using the same illumina-

tion configuration employed when standard far optical field

measurements are performed.

Figure 5 shows the topographic and optical profiles

recorded along the line traced in Figs. 4(a) and 4(b). The

periodicity of the topographic pattern corresponds to the

arrangement of the polystyrene spheres, which is 0.75 lm.

The FFT and SC analysis of the optical profile reveals a clear

periodic modulation of the light intensity, consisting of

two maxima and one minimum centered at the position in

which each sphere is placed. The same profile structure has

been found along different rows of spheres presenting the

same relative orientation with respect to the incident electric

field. However, the relative peak intensity varies sensibly

along the sample which is probably related to the presence

of intrinsic defects. This issue makes difficult the direct

observation of a well defined periodic profile when large

areas of the crystal are scanned. The observation of the

effect of rotating the polarization of the incident wave on the

FIG. 3. (Color online) Topographic (black) and optical (red/grey) profiles

obtained along the line traced in Figs. 2(a) and 2(b), respectively.

FIG. 4. (Color online) (a) 2D Topographic image of the outer surface of the

PC. (b) 2D-light intensity distribution using the SNOM collection mode.

Self-correlation analysis of the topographic (c) and the optical (d) images

presented in (a) and (b), respectively. Scale bars are 1 lm. 2D Fourier trans-

forms of the topographic (e) and the optical (f) images presented in (a) and

(b), respectively. The polarization direction is indicated in the AFM image.

FIG. 5. (Color online) Topographic (black) and optical (red/grey) profiles

obtained along the line traced in Figs. 4(a) and 4(b), respectively.
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near-field pattern further confirms that the lattice periodicity

modulates the near-field intensity profile. Although a detailed

description of the polarization dependence of the SNOM

patterns is beyond the scope of this study, we could confirm

that the periodic light intensity pattern measured rotates with

the polarization of the incident wave, as displayed in Fig. 6.

C. Numerical simulations

Interpretation of near-field data is complicated, and the

support of a simulation model is generally helpful to contrast

the experimental data. To provide some insight into the

physical origin of the periodic light collected intensity pat-

tern and the corresponding polarization dependence, we use

a vector KKR based method, which has been recently

employed to accurately analyze the spectral optical response

of artificial opals in the high energy range.25 The physical

mechanisms that describe the fine features of the transmitted

optical field based on collective properties of the lattice dy-

namics, each spectral feature having its origin in the reso-

nance of a specific mode inside the crystal slab, which

resonates as a whole entity due to electromagnetic links

between the lattice components. Prior to this work, we have

already shown that all optical spectral features in the high

energy region of photonic crystals arise from electromag-

netic resonances within the ordered array, modified by the

interplay between these resonances with the opening of dif-

fraction channels, the presence of imperfections, and the fi-

nite size effects.23,25 Most importantly, the periodic

modulation of the intensity of the near-field pattern herein

reported constitutes the first experimental evidence of the

direct observation of such resonances.

In Fig. 7(a), we show the calculated transmittance spec-

trum of a 10-layer colloidal crystal film in reduced units of a/

k. In all our experiments k¼ 532. This value corresponds to

the high-energy range (a/k¼ 1.98); it is well above the pre-

dicted cut-off at a/k¼ 1.63 for diffracted beams in air and is

indicated by a vertical dashed line in Fig. 7(a). In Figs. 7(b)

and 7(c), we show the spatial dependence of the calculated

transmitted electric field ( E
!

t) when an incident plane wave

propagates through a glass supported colloidal crystal. In

Figs 7(b) and 7(c), we plot the jE!tðx; y; zÞj calculated in the

plane tangent to the poles of the spheres that form the outer

compact plane in the 10-layer stack for two different values

of the angle / that forms the incident electric field with the x
axis in our reference system, specifically /¼ 0� in (b) and

/¼ 60� in (c). Our results indicate on the one hand that the

light intensity distribution throughout this outer plane is

related to the periodic structure and in the other hand that the

FIG. 6. (Color online) Topographic images of a selected region of the rear

surface of an artificial opal, (a) and (b). SNOM images taken when the inci-

dent electric field is linearly polarized along a row of spheres (c) and after

rotating the polarization direction 30� (d). The polarization directions are

indicated with arrows in the AFM images. Scale bars are 1 lm.

FIG. 7. (Color online) (a) Calculated normal incidence transmittance spec-

trum for a 10-layer glass supported colloidal crystal made of spheres of

dielectric constant es¼ 2.5þ 0.05i. Vertical dashed line indicates the experi-

mental incident wavelength value (k¼ 532). (b) and (c) Spatial distribution

of the intensity of the transmitted electric field calculated in the plane tan-

gent to the poles of the spheres that form the outer compact plane in the 10-

layer stack. The angle / that forms the incident electric field respect to the

normal of the outer surface of the colloidal crystal (z axis in our reference

system) is /¼ 0� in (b) and /¼ 60� in (c). Color (intensity) scales are also

indicated.
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periodic light intensity pattern rotates with the polarization

of the incident wave, which is in excellent agreement with

our measurements.

As long as the physical origin of the optical response of

an artificial opal lies on multipolar resonances of the sphere

ensemble, the coupling of light from or to an artificial opal

depends on the relative launching position with respect to

the crystal lattice and the collective properties of the lattice

dynamics. This way, the observation of the periodic profile

of the near field intensity herein reported represents the first

experimental and theoretical confirmation of the resonances

that result in the optical response of an artificial opal.

IV. CONCLUSIONS

We have studied the optical patterns obtained from arti-

ficial opals when analyzed using a near-field scanning optical

microscope. The analysis of the optical pattern obtained in

transmission configuration reveals that light is launched

more efficiently on top of the spheres rather than between

the spheres, confirming previous results obtained by Flück

et al. Optical images attained working in collection mode

show a clear correlation with the topographic information

simultaneously measured from the colloidal crystal. Light

intensity profiles consist of a double peak structure with its

minimum located at the top of each sphere. Furthermore, this

pattern rotates with the polarization of the incident wave.

We have also performed KKR vector method based calcula-

tions to reproduce the optical images attained in fair agree-

ment with the measurements performed being found.
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