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Abstract: For the first time we have demonstrated an approach to control
transmission of light through a single nanohole with the use of photon
crystal microcavity. By use of the approach 28-fold enhanced transmission
of light through a single nanohole in Au film has been experimentally
demonstrated. The approach has the following advantages: (1) it enables to
considerably increase transmission of light through a single nanohole, (2)
the increase in transmission is unaffected by the hole diameter, (3) the
transmission of nanohole is selective in frequency, the width of the
resonance ~A/90, (4) no auxiliary structures are necessary on the surface of
the Au film (extra nanoholes, grooves, etc.).
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1. Introduction

Propagation of waves (both electromagnetic and de Broglie matter waves) through holes in a
screen has always been of a great fundamental and practical interest. The first experiments on
transmission of light through holes formed the basis for the classical optics and have infinite
number of practical applications. Propagation of material particles through holes has proved
wave nature of material particles, and subsequently was crucial in development of atom optics
[1] and atom lithography [2].

One of the important characteristics for particles propagation through a hole is the flux of
transmitted particles. When holes diameter is smaller than the corresponding wavelengths, the
diffraction impose restrictions on their use and, accordingly, limits possible applications.
Therefore, the discovery of extraordinary optical transmission (EOT) phenomenon [3] has
attracted considerable interest among scientists. The following fundamental research in the
area has made the subwavelength hole as a new optical element [4]. Nowadays a new class of
optical elements has been created around the EOT effect, including light emitting diodes,
selective polarization filters, and energy concentrators. There is a suggestion to realize the
extraordinary optical transmission with matter waves [5].

In the implementation of the EOT conditions, the ratio of the energy transmitted through
the screen with a hole to the energy incident on the hole may exceed one and several orders of
magnitude higher than the value predicted by the Bethe's diffraction theory for the
subwavelength holes [6-8]. The increased transmission of radiation is based on multiple
factors, the major of them are excitation of surface (plasmon) waves and proper arrangement
of the holes in the screen, and for single holes — excitation of surface waves and periodic
corrugations around apertures [4]. The transmission of subwavelength hole arrays can be
enhanced further by a Fabry — Pérot type constructive interference [9, 10].

A shortcoming of the EOT in several applications is defined by the mechanism of its
occurrence: excitation of plasmon waves and Fabry—Pérot resonances, resulting, in its turn, in
effective use of the EOT only for: (1) relatively large holes, having a diameter just below the
cut-off of the fundamental mode of a hole [11]; (2) holes in a screen made of highly-
conductive materials (mainly, gold and silver); (3) periodical structures; and (4) limited
number of applications, as the frequency resonances of the transmitted radiation are wide.

In this paper, another approach to realize the EOT is considered. It is based on placing a
nanohole into radiation field of a 1D photonic crystal. Photonic crystals were proposed over
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two decades ago to realize strong light confinement via their perfect photonic bandgaps [12,
13].

Among great variety of micro- and nanocavities the photonic crystals are one of the most
promising objects for studying quantum-electrodynamics effects, because their Q-factor may
be as high as 10°. Quantum-mechanical system placed into a photonic crystal manifests
physical properties different from those of the system in a free space, in particular,
enhancement of spontaneous emission near the photonic band edges, second-harmonic
generation, and others [12]. Propagation of light through a nanohole can be simulated to a
good accuracy with the use of the Babine principle, which allows one to replace the nanohole
by a nanodisc, characterized by the corresponding (magnetic and electric) dipole moments, as
was originally done by Bethe in his work [6]. As is well known, radiation of a dipole placed
into a resonator is different from those in a free space. The main idea of this paper is to realize
conditions, at which nanohole (effective dipole) is placed into region with maximum electro-
magnetic field of light in a 1D photonic crystal. The realized conditions can increase the
emission rate of the effective dipole, and let to increase the total power of light emitted into
free-space radiative modes on the exit side of the nanohole.

2. Photonic crystal microcavity

2.1 Photonic crystal microcavity without nanohole

Photonic crystal

(a) microcavity (b)
1
ﬁ ﬁ
s —y -
% H
[ - 220 nm Au s - 125 nm MgF, (n=1,46)
-82 nmTiO, (n=2,23) - 125 nm AIO, (n=1,63)

Fig. 1. Schematic diagram of samples under study: (a) single nanohole with diameter of 60 nm
in 220 nm thick Au film, comprising the last layer of photonic crystal microcavity, (b) single
nanohole with diameter of 60 nm in 220 nm thick Au film.

The 1D photonic crystal microcavity (PCM) was fabricated on a quartz substrate. The PCM is
formed by 12-layer stack of alternating high-index (TiO,, n = 2.23) and low-index (MgF,, n =
1.38) dielectric layers of thickness A/4n (A = 730 nm), coated on one side with optically thick
220 nm Au layer, Fig. 1(a) (indexes of refraction were taken from [14]). The 12-layer stack of
dielectric layers forms 1D type photonic crystal, realizing low, about 2%, transmission of light
in spectral range of 650 to 800 nm (a bandgap of the photonic crystal). Coating of the 1D
photonic crystal by the 220 nm thick Au film realizes a photonic crystal microcavity with Q-
factor around 100.

Analytic transfer-matrix formalism was used to calculate propagation of plane wave field
through the PCM. The transfer of field through each layer of PCM is represented by 2 by 2
matrix, and the response of entire microcavity is represented by a product of these individual
matrices, forming the so called characteristic matrix [15]:
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Fig. 2. Optical properties of the photonic crystal microcavity, being investigated in the paper:
(a) microcavity refractive index stack design, (b) calculated resulting electric-field distribution
for the PCM at resonant frequency A = 789.6 nm).

The characteristic matrix M relates the electric and magnetic fields (E, H) of the input and
output of the photonic crystal microcavity:

i)

k=2z/A is a free-space wave vector of the incident light, h; =n,x (layer thickness)

(Fig. 2(a)) with n, the refractive index, and Y, =[(g,/ ,uo)]”2 n,. Respectively, amplitude
reflectance r and amplitude transmittance ¢ are described by the expressions:

_ Yomy + ¥ Yomy, —my, —Ym,,

“

- >
Y()mll +Y()Ysm12 +m21 +Ysm22

t 2%,
Y()mll + Y()YsmIZ + m21 + Ysm22

(&)

Figure 2(b) shows electric field E ?(r) distribution on the PCM axis at the microcavity’s
resonant frequency Apcy = 789.6 nm, normalized to the square of the field amplitude of an
incident plane wave E, and calculated with the use of characteristic matrix approach. As

illustrated, the field peaks up to E>_ ~80E; in the TiO, layer adjacent to the Au film, and at
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the TiOy/Au boundary comes out to~14E;. Estimated cavity effective mode length is

Ly =[e)|EW[ dr / &(r | E(r )| 0174,

Figure 3(a) shows reflection spectrum of the PCM, as well as reflection spectrum of 1D
photonic crystal calculated with the use of the characteristic matrix approach. Light impinging
on samples was considered as a plane monochromatic polarized wave with a wave vector
directed perpendicular to the plane of dielectric layers. The sharp resonance at Apcy = 789.6
nm is a proof of microcavity formation, because without a microcavity there would be no
minimum in reflection of a 1D photonic crystal. The resonance width is 6.6 nm, which
corresponds to the quality factor of the microcavity: O = @/ Aw =120 . Despite the moderate
value of the Q -factor, involved configuration of the PCM has an important feature: light field

is considerably enhanced nearby the Au film surface.

We note some important features of the PCM’s chosen configuration: ALL,O; (n = 1.63)
layer between quartz substrate and TiO, layer decreases the refractive index step in the
direction of light field propagation and is necessary to increase the field amplitude of the
microcavity’s resonance mode. The chosen optical thickness of the Au film makes it possible
to realize light reflectance at the TiO,/Au boundary about 98%, which is necessary to form
microcavity with Q ~100, as well as strongly decrease light transmission trough the Au film.
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Fig. 3. Reflection spectra of the photonic crystal microcavity and forming it 1D photonic
crystal: (a) calculated with use of characteristic matrix approach, (b) experimentally measured
at 12° to the axis of the crystal (reflection spectrum at normal incidence angle is shown in the
inset).

In the experimental implementation of photonic crystal microcavity the dielectric layers
were deposited on the quartz substrate by the method of high-vacuum ion-assisted deposition,
the Au film was deposited by thermal evaporation. PCM preparation was carried out under the
conditions of Class 100 cleanroom. Thickness of Au film of the PCM equals to 220 + 20 nm
and was measured by atomic force microscope with use of the razor blade scratch technique.
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Measured roughness of the Au film surface is as follows: height roughness (RMS) equals to
about 3 nm, lateral roughness (correlation length) equals to about 30 nm. Figure 3(b) shows
reflection spectra, measured with spectrophotometer Specord-400, of both PCM and forming
it 1D photonic crystal at 12° to the axis of the crystal. The figure shows that in the bandgap
area of the photonic crystal coated with Au film a resonance is appeared, indicating formation
of a cavity. Spectrophotometer Specord-400 gives no way of measuring reflection spectra at
angles less than 12° to the axis of the PCM, with a consequent considerable shift of the
measured resonance line. The exact value of the resonance was determined in a separate
experiment on illuminating the PCM perpendicularly to the plane of its layers by collimated
radiation of a halogen lamp and detecting with a spectrometer of “MORS” company (the
reflection spectrum is shown in the inset of Fig. 3(b)). The PCM’s resonance frequency
corresponds to A,y = 781.7 nm, and the width A\ = 8.4 nm, which corresponds to the Q -

factor of 93.

Measuring of the microcavity’s mode characteristics, like intensity and effective length, is
a complex physical problem. But for the investigated configuration of the MPC it is possible
to determine the field intensity of the wave incident on the boundary TiO,/Au inside the
microcavity using measured data of the reflection spectrum. According to the energy
conservation law:

Iy =Rpey I, +(1- Reio, 100, » ©

where /- intensity of the incident wave, R,,, = 0.046 — measured reflectance of the PCM at
resonance, (1- Ry, 4, )5, — intensity of the light absorbed in the Au layer, Ry, ,,, ~0.971 —
calculated value of the boundary TiO,/Au reflectance. From Eq. (6) follows

Lo, = (I—Rl’ng )/ (1—RT,.O2 I A )IO ~33],, and maximum of the squared resonance mode

amplitude is about of 86 E; . Measured characteristics of the microcavity’s mode have a good

correlation with calculated ones. Discrepancies are accounted for by neglect in calculation of
existing loses in dielectric layers, as well as finite accuracy of the PCM’s layers thickness
control in the experiment.

2.2 Photonic crystal microcavity with nanohole

We used focused ion beam machine FEI Quanta 3D (Ga" ions, 30 keV, focused on the Au
film to a 10 nm diameter spot) to mill an array of circular apertures of about 60 nm diameter
in an Au layer on a quartz substrate and in an Au layer of the PCM. Microscopy of nanoholes
was conducted by electron microscope JEOL JSM-7001F with spatial resolution about 5 nm.
To diminish intensity of carbon deposition process associated with electron beam microscopy
of metallic surfaces, microscopy of nanoholes was carried out at relatively low electron beam
energy of about 5 keV

Special attention was given to the problem of nanohole creation in the PCM. At simplified
consideration, formation of a nanohole occurs through knocking out of a single Au atom by a
single ion of the beam. Under long exposure of Au film to ion beam, not only forming of a
nanohole take place but also the PCM’s dielectric layer adjacent to the Au film is destroyed.
This results in deterioration of local characteristics of the microcavity’s mode nearby the
nanohole. With too short exposure, an open-end hole is not formed in Au film, thus
preventing a light field localized in microcavity from passing through the nanohole.

Optimal exposure time of the ion beam (ion doze) was determined in a separate
experiment on making nanoholes in Au film deposited on an ultrathin free standing SiO, film
40 nm thick [16]. Utilization of an ultrathin free standing film allowed (1) to control flux of
ions transmitted through a nanohole [17], (2) to carry out microscopy of a hole from both
sides of the film. Image contrast in electron microscopes is sensible to the material of the
object under investigation, allowing to identify the SiO,/Au boundary inside a nanohole and
to determine the dimensions of SiO, film destruction.
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The Au film was created on the ultrathin free standing film simultaneously with gold
deposited on 1D photonic crystal while manufacturing microcavity, thus ensuring equal Au
film thickness in microcavity and on SiO, film. After a number of experiments the optimum
ion dose of 4 pC at the 10 pA current of a focused ion beam has been chosen. Using these
parameters of the ion beam a nanohole created in Au film has the following characteristics: on
the SiO,/Au interface its diameter is around 60 nm, the walls of the opening are nearly —
vertical (deviation from the vertical is about 5°). It is important that in the SiO, film the hole
is not an open-end one on the SiOy/air interface. From this results the conclusion that the SiO,
film destruction along the hole axis is less than 40 nm (a thickness of the SiO, film). Basing
on the results of the work [18], we believe that while manufacturing a nanohole in a PCM
with the chosen ion-beam dose the destruction depth of TiO, layer, adjacent to the Au film, is
even smaller. In the work [18] it was shown that at identical parameters of an ion beam the
etching rate for TiO, film is approximately 2 times lower than that for SiO, film. Basing on
the data, our estimate for the destruction depth of TiO, layer nearby a PCM’s nanohole is that
it is no more than 20 nm.

ST R

Fig. 4. Electron-microscope image of the nanoholes array made in Au layer of photonic crystal
microcavity. Enlarged image of a one nanohole is shown in the inset.

We prepared two samples to investigate the PCM’s influence on optical properties of
nanoholes: (1) nanoholes in an Au layer of the PCM, (2) nanoholes in a reference Au film
deposited on a 2 mm thick SiO, substrate. The thickness of the reference Au film was equal to
that of the PCM’s Au layer. By ion beam with above-defined parameters, matrices of 10x10
identical nanoholes were produced in each sample, the distance between the nanoholes being
2 um (Fig. 4). Electron-microscope image of one of the matrices’ nanohole is shown in the
inset of Fig. 4. An analysis of the images has shown that there is dispersion of nanoholes’
dimensions and geometries: (a) about 60% of the holes have round shape with diameter 58 (+
5) nm, (b) some holes have ellipticity with maximum dispersion of the ellipse axis 2a = 54
nm, 2b = 63 nm. The dispersion of nanoholes’ dimensions and geometries is associated with
surface inhomogeneity of the Au film produced by the method of thermal evaporation to the
surface of dielectric, what by virtue of Au atoms’ high surface energy results in the formation
of nanocrystals in the Au film [19].

3. Light transmission by single nanohole embedded in photonic crystal microcavity

Figure 5 shows a schematic of the nanohole embedded in 1D photonic crystal microcavity and
the setup for microscopic imaging and transmission spectroscopy. The samples with
nanoholes (Fig. 1) were illuminated at normal incidence with a halogen lamp light collimated
to + 3°. Halogen lamp light was passing through fiber to ensure homogeneous illumination of
the sample. To study the role of possible collective effects for light transmission by single
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nanohole, measurements were also taken, when the illuminated light was filtered by use of a
single mode fiber and focused by 10x (NA=0.3) objective to a spot with diameter of about 2
um (FWHM) in the plane of the nanohole, realizing illumination of single nanohole. Special
design of samples was implemented to control the values of the intensity of illuminating light:
part of the substrate’s surface in both samples was free from optical coatings. Transmitted
light was collected with a 100x Nikon microscope objective (NA=1.49), and analyzed
through: (1) a band pass filter using a 2D cooled CCD camera with avalanche gain (Princeton
Instruments), or (2) a monochromator with a high optical efficiency, coupled to another
cooled CCD camera (Princeton Instruments). For both samples index-matching fluid was
applied to the Au-air interface to realize maximum collection efficiency of the objective lens.

7 Quartz "
i substrate > %
{ Photonj
i cr?(s?gic" H

i Aufim 7 H

P with /l\ Multi Mode Fiber Halogen Lamp
i nanohole i B_—
: v i

Qil ~

2 Fiber
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—1
Spectrometer
|| with cooled
CCD camera
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S | Cooled
l 2D CCD camera
4 N i

- i = Ffipper ! )
Nllézzrggggzz'ﬁ mirror  Band pass filter

Fig. 5. Experimental setup for measurement the transmission of a single nanohole.

The experimental setup was allowed to obtain 2D optical image of single nanohole with
spatial resolution of about 300 nm. The transmission spectrum of single hole was determined
by two methods: (1) measuring transmission spectrum of a nanoholes matrix by a
spectrometer with following normalization to the number of nanoholes, the method made it
possible to obtain spectra with resolution around 0.7 nm; (2) measuring signal of a single
nanohole image on a 2D CCD at various transmission wavelengths of band pass filters
mounted before the 2D CCD, making it possible to obtain transmission spectra with resolution
around 10 nm.

In the analysis of the transmission spectra of a nanohole, we define the parameter Qgn,(A)
as the total power emitted into free-space radiative modes on the exit side of the nanohole, g —
collection efficiency of the objective, I(A) — incident light intensity, S — nanohole area.
Nanohole transmission was defined as T(L) = Qg,(A)/(gxI(A)xS). Angle of light collection for
the objective with NA=1.49 equals to about 160°. Measurement of angular dependence of
light emitted by subwavelength aperture is a separate complicated problem [20]. For the sake
of simplicity we assumed that g = 1, by approximately 20% underestimating the measured
values for transmission in the case of a hole in an infinitely thin screen, when emitted light of
a single nanohole is diffracted nearly isotropically. In our configuration the length of the
channel formed by a hole in the Au film is 3.6 times larger than the hole’s diameter, and the
light emerging from a nanohole propagates in space nonisotropically: calculations show that
the radiation is concentrated mainly in a 150° cone [21]. In this case g = 1 is a good
approximation as more than 95% of the photons leaving the hole are collected by the
objective.
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To avoid errors associated with differences in spectral sensitivity of various photodetectors
and in spectral transmission of various optical instruments, I(A) and Qg,(A) were measured in
the microscope with the use of the same objective and the same CCD camera. Let us note that
flux density of the photons that were passing through the nanohole is several orders greater
than that of the photons that were passing through the Au film. This allowed in the experiment
to detect photons passing through the nanohole on a practically zero background.

(a) (d)
e
—_—
—
—_—
e
(b) (e)

© ()

40

30

CCD counts/imsec
CCD counts/msec

o 4 8 12 o 4 g 12
X, um X, um

Fig. 6. Transmissions of nanoholes in the Au film and nanoholes in the photonic crystal
microcavity at identical parameters of illumination and detection at a light wavelength nearby
the PCM’s resonance mode: Left column — nanoholes in the Au film: (a) the scheme of
nanoholes illumination in the reference Au film, (b) nanoholes images of the reference Au film
in the 2D CCD of the microscope, (c) cross-section of the images for the nanoholes in the
reference Au film. Right column — nanoholes in the photonic crystal microcavity: (d) the
scheme of nanoholes illumination in the photonic crystal microcavity, (¢) nanoholes images of
the photonic crystal microcavity in the 2D CCD of the microscope, (f) cross-section of the
images for the nanoholes produced in the PCM.

Figure 6 shows images of nanoholes in the reference Au film and nanoholes in the Au film
of the PCM at a light wavelength nearby the PCM’s resonance mode, obtained with the
experimental setup depicted in Fig. 5 and the use of a band pass filter with central wavelength
of transmission Age; = 780 nm and width A)g, = 10 nm mounted before the 2D CCD. The
images were obtained at identical parameters of samples illumination and detection. 2D
images of nanoholes (Fig. 6(b), 6(¢)) indicate that the image signal amplitude for nanoholes in
the reference Au film is so small that they are practically invisible, while the image signal
amplitude for nanoholes in the microcavity is so high that it exceeds the dynamic range of
signal representation in 2D. This means that at identical parameters of incident radiation the
flux of photons emitted into free-space radiative modes on the exit side of nanoholes produced
in the PCM is significantly higher than that for nanoholes in the reference Au film. The fact is
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a direct proof of influence of the photonic crystal microcavity on the nanoholes transmission
enhance.

Figure 6 shows that the image signal amplitude for nanoholes produced both in the PCM
and in the reference Au film (Fig. 6(b)) varies from hole to hole. For some holes the
difference is as much as about 100%. So dramatic variation in the transmitted light intensity is
impossible to be accounted for only by the well-known dependence of nanoholes
transmissibility on their form, diameter, and geometry [22]. Our separate publication [23] will
describe strong dependence of transmission of a nanohole embedded in PCM on nanohole’s
geometry and polarization of incident radiation.

With the help of nanoholes’ electron-microscope images we established a one-to-one
correspondence between the power of radiation transmitted through each individual nanohole
(Fig. 6) and their exact dimensions and geometry. It turned out that for round holes 60 nm in
diameter the signal amplitude through a nanohole in the reference Au film is 3.5 counts/ms,
while for nanoholes in the PCM it is 65 counts/ms. A consideration of band pass filter’s
central band displacement from the PCM’s resonance gives correction factor of 1.53. Hence
the measured photons flux enhance at the resonance wavelength of the microcavity emitted on
the exit side of the nanoholes produced in the PCM approximately 28 times exceeds that for
nanoholes in the reference Au film.
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Fig. 7. Transmission spectra for a single nanohole in the reference Au film and for a single
nanohole in the photonic crystal microcavity: (a) linear scale, (b) logarithmic scale.
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In a separate experiment we investigated the effect of collective influence of nanoholes on
their transmission. For this purpose, two regimes of nanoholes illumination by radiation (at
the light wavelength of the resonance mode of microcavity) were utilized: (1) illumination of
all 10x10 nanoholes on the PCM and of the reference Au film; and (2) illumination of a single
nanohole by a sharp focused radiation. In both cases a transmission signal of a single
nanohole was registered with 2D CCD. Measured transmission for a single round nanohole of
diameter 60 nm in the reference Au film was T, fiim ~ 1,9% and for a corresponding nanohole
in the PCM — Tpey ~41%. Measured values did not depend on a chosen scheme of nanohole
illumination. Hence we have not found effects of collective influence of nanoholes on their
transmission and total transmission of an array of nanoholes is therefore equal to the sum of
transmissions through isolated holes.

Essential distinction in the nature of light transmission by a nanohole produced on PCM
compared to a nanohole in a simple Au film is sharp frequency-selectivity. Figure 7(a) shows
transmission spectra of nanoholes in a matrix measured with a spectrometer and then
attributed to a single nanohole. The figure distinctly depicts the transmission resonance of
nanohole in the PCM at the wavelength of the microcavity’s resonance mode. The resonance
width is roughly 9 nm corresponding to the spectral width of the microcavity’s resonance
mode. At wavelengths outside the microcavity’s resonance the transmission of nanohole in the
PCM is governed by the transmission of the 12-layer stack of the PCM (band gap of the 1D
photonic crystal) and is considerably lower than the transmission of nanoholes in the reference
Au film. In Fig. 7(b) the same spectra of a nanohole transmission are represented in the
logarithmic scale. The minimum value of the transmission of nanohole in the PCM is about
1.1x107 and is realized at the light wavelength of 675 nm, being almost 300 times less than
the transmission of PCM’s nanohole in the resonance. Hence utilization of the microcavity
makes it possible to realize high spectral selectivity of a single nanohole transmission.

4. Discussion

The demonstrated experiments show that utilization of the photonic crystal microcavity allows
one considerably enhances the photon flux at the exit of the nanohole. As a first
approximation, the physics of the process reduces to the increase of light field at the location
of PCM’s nanohole. At the same time nanoholes also influence the properties of the
microcavity, and a correct consideration assume that a PCM and a nanohole should be studied
as a common physical system.

Diameters of the nanoholes chosen for this work are rather small and, as the measurements
have shown, do not appreciably affect microcavity’s properties, as follows from comparison
of transmission spectra for nanoholes in the PCM (Fig. 7(a)) with the reflection spectrum of
the nanoholeless microcavity (Fig. 3(b)). Quantitative measurements of nanohole transmission
also confirm preservation of microcavity’s resonance mode properties after production of
nanoholes: 30-fold enhance of photons flux emitted at the exit of a nanohole agrees with
approximately 30-fold enhanced intensity of the light wave illuminating the entrance of a
nanohole into PCM as compared with the reference Au film.

The localized and propagating surface plasmon (SP) waves can strongly modify
transmission of nanoholes made in metallic film, leading to enhancement or suppression of
light transmission. In this paper we didn’t study the role of SP on the light transmission. The
transmission of nanoholes in Au film of the PCM was compared with the transmission of
nanoholes in Au film on a quartz substrate. This allowed us to explore the sole influence of
the PCM on transmission of nanoholes fabricated in Au film, without study the role of surface
waves: the SP are excited both in the reference Au film and in the Au film of the PCM. A
separate research is needed to account effect of SP waves. The two main facts demonstrate
that the measured enhancement of transmission of a nanohole is attributed to the influence of
the PCM cavity mode: (1) absence of SP like structure in measured transmission spectrum of
nanohole in the reference Au film for wavelength of light around the PCM resonance (Fig.
7(a)), and (2) the sharp frequency resonance in transmission of nanohole in the PCM, with a
width much smaller then the width of SP resonances in transmission spectrum for the array of
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nanoholes. The excitation of SP in Au film of the PCM can further enhance transmission of
nanoholes.

The measurements of a single nanohole transmission in PCM have shown that quantitative
characteristics of a nanohole transmission (power, orientation, polarization characteristics,
etc.) strongly depend on nanohole’s dimensions and geometry [23], and therefore the
determination of a single nanohole’s optical properties should be combined with electron
microscopy of the hole.

Illuminated by laser radiation, a single nanohole in a conductive screen is an example of
light nanofield realization and has a number of important applications [24]. Microcavity may
be used for enhanced light transmission through the nanoholes thus opening the way to
multifold by intensity and selective by wavelength signal enhance for a number of
applications, such as optical microscopy with nanoresolution, nanolithography utilizing light
nanofields [24], quantum information science [25], sensing, data storage and light extraction
from LED [26]. Moreover, in our sample second harmonic generation can be demonstrated
with an enhanced efficiency: for a given input power, the intensity in the second harmonic can
be increased by a factor of 900, since the second harmonic intensity follows the square of the
excitation intensity.

By now the largest transmission enhancement reported is G = 125 for a single hole with a
set of concentric ring grooves, periodically spaced in the radial direction [27] and it is ~4
times higher compared to our sample. In the experiment the localization of light field is
determined by the diameter of concentric rings encircling the nanohole and ensuring the
localization only in submicron range of dimensions. For our sample the spatial localization of
light field is determined by the diameter of nanohole used and at its exit is equal to roughly 60
nm, making it possible to form a 2D nanofield with a record-high density of light field
localized in nanoscale.

Another interesting perspective of application a photonic crystal microcavity to control
transmission of apertures is to use of slits made in metal film of the PCM since for one
particular polarization of incident light it can propagate inside slits whatever width of the slits
(not cut-off condition): the slits with extremely small thickness can be used, realizing high
intensity source of light localized in nm scale (in 1D).

In conclusion let us note the potentialities of the system «nanohole + photonic crystal
microcavity». While in this work a microcavity with a fairlﬁy moderate Q-factor of ~100 was
used, the utilization of high-Q cavities with Q-factor of ~10” [28] is a promising prospects for
further investigations in the area.
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