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Abstract

Active control of the radiation orientation (beaming) of a metallic antenna has been reported by
various methods, where the antenna excitation position was tuned with a typical 50 nm precision by a
near-field tip or an electron-beam. Here we use optical microscopy to excite and analyze the
fluorescence of a layer of nanocrystals embedded in an optical Tamm state nanostructure (metallic
disk on top of a Bragg mirror). We show that the radiation pattern can be controlled by changing the
excitation spot on the disk with only micrometer precision, in a manner which can be well described
by numerical simulations. A simplified analytical model suggests that the propagation length of the in-
plane confined optical modes is a key parameter for beaming control.

Nanophotonic structures such as optical cavities or nano-antennas provide exciting opportunities for
manipulating light emission [1]. Controlling the emission orientation (beaming) is one of the challenges for such
structures. For cavities in photonic crystals, the position of the holes can be tuned to focus the emission in a cone
of £20°-30° around the optical axis [2—4]. For a periodic plasmonic surface, the radiation angle can be chosen
through the period [5, 6]. For Yagi-Uda antennas, the emission can be directed forward atangle = +50° with
very low backwards (—50°) radiation [7]. It is then the design of the nanostructure which determines the
direction of radiation.

Some nanostructures can radiate with different orientations depending on the position, inside these
structures, of the source dipole which excites their electromagnetic mode. For a patch antenna, the measured
emission was tilted from normal by 5° due to an off-centering of the emitter by 15 nm [8]. For a metallic cylinder
[9], hole [10] or ring resonator [11] of diameter ~100 nm or for a row of cylinders [12] studied by
cathodoluminescence, the emission cone can be oriented to the left or to the right by changing the position of the
excitation electron beam. A similar beaming of the emitted light has also been shown by tuning the position of
the tip of a scanning tunneling microscope used to electrically excite a gold triangular nanoparticle [13]. An
active control of the beaming was thus provided by use of a near-field probe. Moreover, this effect may allow to
tune the radiation pattern by choosing the position of a fluorescent emitter (for instance a single-photon source)
deposited inside or near the nanostructure. However, for the antennas considered so far in [9-13], a control of
the position of the order of 50 nm is required, which was achieved either by near-field [13] or electron-beam
excitation [9—12]. For the patch antenna [8], 25 nm precision positioning in optical lithography has been
achieved by very fine in situ optical lithography [ 14].

In this paper, we analyze the effect of the source position on the radiation pattern for nanostructures of
confined Tamm states. Optical Tamm states (sometimes called Tamm plasmons) are electromagnetic states
confined along the plane between a Bragg mirror and a metallic layer [15, 16] (we will refer to these states as 2D-
Tamm’). They allow versatile fabrication of confined Tamm structures (here called ‘0D-Tamm’) by deposition
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of ametallic disk on a Bragg mirror [17], which can be used to enhance fluorescence [18], single-photon
emission [19] or laser effects [20], with polarization control through the structure’s shape [21]. By selective
optical excitation of a given position in a layer of emitters in the 0D-Tamm structure, we show here that the
position of the source can be used to tune the radiation pattern asymmetry. Unlike the antennas discussed above,
for Tamm structures the level of position control required is of the order of 1 m, so that active control of the
emission pattern is obtained by optical microscopy rather than near-field methods. Moreover, fabrication of a
structure with controlled emission pattern asymmetry could be obtained by positioning a single emitter with
standard optical lithography, with only 1 pm resolution required. Our experimental results are found in good
agreement with numerical simulations, so that the use of such structures for controlled beaming can be
simulated a priori. A simple analytical model suggests that a key parameter for beaming control is the
propagation length of the electromagnetic modes in the nanostructure.

Thelocalized Tamm states structures fabrication was described in [22, 23] and is briefly summarized here: a
TiO,/Si0, A/4 Bragg mirror was fabricated with stop band centered at 640 nm (7 pairs, SiO, index 1.44, TiO,
index 2.25, maximum reflectivity 98%, manufacturer Kerdry, France). The upper layer was a 80 nm SiO, thin
film, in order to position the emitters at a height inside the sample where the Tamm-state electric field is
maximum. A layer of colloidal CdSe/CdS nanocrystals (CdSe core diameter 3 nm, CdS shell thickness 12 nm,
emission centered at 640 nm) was then deposited on top of the Bragg mirror with an estimated density of
6000 zm 2, and covered by 60 nm of polymethylmetacrylate (PMMA) for protection of the nanocrystals
(n ~ 1.5). A 55 nm silica layer was finally deposited for tuning the Tamm mode at resonance with the
nanocrystals’ emission. Optical lithography (lift-off resist, 350 nm thickness) was then used to create holes and
deposit Ag disks with several microns diameter and 45 nm thickness, which were finally covered by a protective
50 nm layer of PMMA (as in [23], there was no lift-off of the unexposed resist in order to reduce the
luminescence from the nanocrystals located outside the disk). The obtained structures are known to exhibit
0D-Tamm states confined between the Bragg mirror and the Ag layer, and localized below the disk [17, 22]. The
energy of these states is primarily dependent on the silica+PMMA thickness, with a discretization of these states
induced by the lateral confinement for smaller (1-4 pm) disks. For a disk of infinite diameter, transfer matrix
simulations find a quality factor close to 200 for these resonant modes.

The fluorescence microscopy setup is shown on figure 1(a). An excitation beam (473 nm, 50 4W pulsed
laser) is focused by an objective (x 60, 0.7 numerical aperture) onto a &1 m spot of the sample. The detected
signal is collected by the same objective and sent into an imaging spectrometer. The entrance slit of the
spectrometer is conjugated with the Fourier plane of the sample, so that the spectrometer will image the
emission spectrum as a function of the emission direction 6. The A-0, plot will provide the Tamm state
dispersion relation: a 0D-Tamm state with in-plane k, - wave vector will couple to a photon propagating at an
angle 0, = frfulfilling the phase matching condition: k, + = 27/ A)sin f7.

The excitation wavelength is far from the Tamm resonance so that the laser excites directly the nanocrystals
which are under the excitation spot. By moving the sample, this excitation spot is chosen at different positions
(labeled xo) on the disk surface. The emission is collected from the whole sample surface, and its wavelength
angular dependence will show that it originates from the Tamm states. Our experiment is thus as follows: we
probe the emission radiation pattern of the 0D-Tamm states which are excited by the nanocrystals located at
position x,. We will show that the Tamm-state emission properties can be changed by tuning the position of the
excited emitters inside the Tamm structure.

Figure 1(b) shows the measured \-0, dispersion relation for various excitation positions x, inside a 0D-
Tamm disk of diameter 10 m (similar results, not shown here, were found for a4 ym disk).

For xy = 0 (excitation in the center of the disk), the dispersion relation presents the well-known parabolic
shape of 2D-Tamm states, starting from a fundamental at A\ = 627 nm (1.98 eV) at §, = 0. For all emission
wavelengths, the emission radiation pattern is symmetric for 6, and —6, angles. Thus the measured 0D-Tamm
radiation is qualitatively not different from the 2D-Tamm radiation at this point (but differences will appear
below for the x, = 0 cases).

When the excitation spot moves away from the disk center (x, = 0), the emission radiation pattern is
changed. The A0, relation remains the same as it corresponds to the 2D-Tamm state dispersion relation, but
the light power distribution between left and right is modified. The radiation is then asymmetric and directed
mostly into the direction opposite to the position of the excitation spot: 8, > 0ifxy < 0Oand 6, < 0ifxg > 0.
We thus have here a form of beaming in the control, by the excitation position, of the radiation pattern
asymmetry. This beaming effect is similar to the observations reported in [9-11, 13] for much smaller plasmonic
structures, but with a tuning of the excitation position over typical distances of 1 ym instead of 50 nm.

For some positions, we evidence a discretization of the dispersion relation, with a second lobe separated
from the lower-energy minimum. This discretization is caused by the boundary conditions introduced by the
disk edges. It was not observed for an excitation spot at the center of the disk, due to insufficient mode quality
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Figure 1. (a) Schematic of the setup; for clarity we omit the lenses in the detection path which conjugate the objective Fourier plane
with the entrance plane of the spectrometer; (b) dispersion relations measured for a disk of diameter 10 pm for various excitation
positions xo; (c) corresponding radiation pattern at A = 622 nm. (d) Plot of the beaming factor { = P_/P_, as a function of the source
position x, (black: experimental; gray: 3D simulation) at 16.5 meV above the fundamental state.

factor, but is revealed by off-centered excitation. Some modes are less excited at given positions because these
positions are nodes of those mode’s electric field.

Figure 1(c) plots the radiation pattern (detected signal P as a function of 6,) at a given wavelength
A = 622 nm (AE = 16.5 meV above the fundamental). For all excitation positions x,, the radiation patterns
show 2 lobes around +6 = 418°, of amplitudes labeled P.,.. The amplitude P, (resp. P_) shows an increase as
the excitation position X, is shifted downwards (resp. upwards), confirming the beaming effect described above.
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Figure 2. Radiation pattern (angular distribution of emission) calculated for a dipole along x or y direction, located at different
positions x, along the (Ox) axis, for the same structure geometry as indicated for the experimental Tamm structure (with disk diameter
10 pm and indices: SiO, 1.45, Ti0, 2.25, Ag 0.055 + 4.25i), at wavelength AE = 16.5 meV above the fundamental Tamm state.

If we define abeaming factor (as { = P_ /P, we can plot (as a function of x, (figure 1(d)). We find then that the
beaming factor increases from ( = 1atx, = 0 (nobeaming)to { = 3.4atx, = 3 ym.

These results can be well reproduced by numerical simulations. The 10 gm disk 0D-Tamm structure was
simulated by the method described in [24]. Figure 2 shows the resulting radiation patterns calculated for several
excitation positions inside the 0D-Tamm disk structure, at an energy AE = 16.5 meV above the calculated
fundamental. These patterns present a cone shape at an angle 6 corresponding to the Tamm-state coupling
angle, given by the dispersion relation of the 2D-Tamm state. These patterns show clearly the effect of beaming,
with the overall emission directed along the direction opposite to the excitation position displacement. As
observed experimentally, the beaming becomes stronger as the excitation position is off-centered. This general
trend is however combined with the presence of various lobes depending on the excitation position, and also an
effect of the excitation dipole orientation (we plot only the x and y orientations on the figure as the z orientation
leads to much weaker emission).

The beaming factor ( = P(0, = —0r,0, = 0)/P(0 = 0,0, = 0°) which is extracted from the simulations
can be superimposed on the experimental data of figure 1(d). There is then a good agreement between measured
and calculated beaming factors, confirming that these structures can be used to generate light beaming by tuning
the excitation position inside the structure, in a manner which can be simulated a priori.

A much-simplified analytical one-dimensional (1D) model can be proposed to highlight the relevant
physical phenomena: we consider, at a given frequency, a Tamm state of wave vector k; = k' 4 ik” propagating
along axis (Ox), confined laterally between x = —Rand x = R, excited by a dipole at position x, (see
supplementary information for details; available online at stacks.iop.org/NJP /20/033020/mmedia). The
imaginary wave vector component k” describes the losses of the Tamm states either due to metal absorption, or
to coupling with the far-field electromagnetic field. The electric field distribution E(x) can then be determined

A R .
and its Fourier transform E (k) = f E(x)e~*dx corresponds to the radiation pattern of the structure.
—R

Figure 3 shows a typical plot of the radiation pattern | E (k) |? as a function of the radiation angle 6 given by
k = 27/ N)sin 6, for different positions x, and different losses factor k”. As expected, for x, = 0 (exciting dipole
at the center of the structure), the radiation pattern is symmetric. It shows the two expected lobes at angles
corresponding to k = +k’. The width of these lobes increases as a function of the losses factor k”.

As the excitation dipole position x, is increased, we find on figure 3 an increase of the peak at k = —k’ with
respect to the peak at k = k’, in agreement with experimental observations. Moreover, we see that the beaming
effect, which increases with x,, increases faster for larger k” (until the case of very large losses:

k" = 0.6 um~" ~ 0.2.k’: then the beaming effect is less pronounced). For R shorter than the Tamm state losses
length (k" < 1/R), and for resonant modes (k' = nm/2 R), a first-order expansion of our model (see
supplementary information) gives:
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Figure 3. Radiation patterns (normalized to their maximum) calculated by the simplified 1D model with k¥ = 3.4 ym™,

A = 620 nm, R = 5 ym and various values of x, and k”.

Cr 1+ 4k'x

which confirms that the beaming effect increases with both x; and k”. This first-order expansion agrees
reasonably with the curves of figure 3 for the case k” = 0.02 um ™' (a fit gives ¢ = 1.0 + 0.095.x, instead of

1 + 0.08.x,) but is not sufficient for the larger values of k”. Now returning to the experimental data of figure 1(c),
following this equation we may deduce a propagation length 1/k” around 1 zm: however, although of correct
order of magnitude, this value is probably largely under-estimated, because of the difference between the 1D
model and the actual 3D situation.

Our simplified 1D qualitative model thus suggests that, in order to tune the beaming factor, the position x,
should be varied over a characteristic length 1/4k” corresponding to the typical propagation length of the Tamm
state. In the case of the Tamm structure, given the rather low propagation losses of these Tamm states, a good
control of (is obtained by tuning x, with ~1 pm steps. Such position control is easily achieved with optical
beams.

In conclusion, we have shown experimentally that 0D-Tamm nanostructures can radiate light into given
+6rangles. The ratio between the + directions (beaming factor ¢) can be controlled, from symmetric emission
(¢ = 1) tostrong beaming ( up to 3.4), by tuning the position of the dipole source in the Tamm structure. The
measured beaming factor was found in good quantitative agreement with finite-difference simulations. The
Tamm structures thus allow either an active control of beaming by changing the excitation position in a dense
layer of source emitters, as was performed here, or the fabrication of structures of controlled beaming by
depositing a source emitter at the appropriate position by optical lithography. The required precision for the
positioning of the source is of the order of 1 um, which is easily accessible with optical microscopy. A simplified
analytical model suggests that a relevant parameter (characteristic length over which the source position
influences beaming) is the attenuation distance of the confined radiating mode.
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