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Abstract: We show that photons can be efficiently extracted from
fluorescent molecules, utilizing the strongly enhanced local field of a two-
dimensional dielectric annular Bragg resonant cavity. Due to the diffraction
and constructive interference together with the annular focusing, the
periodic ring structure converts the normal incident light into planar guided
modes and forms a hot spot at the center of the structure. Theoretically, the
field can be enhanced more than 40 times, which leads to the averaged 20-
fold enhancement of the fluorescence signal observed in experiments.
Compared with fluorescence enhancement by plasmonic structures, this
dielectric approach does not suffer from pronounced quenching that often
occurs near metallic structures. These results not only can be applied as
ultrasensitive sensors for various biological systems, but also have broad
potential applications, such as optical trapping and fluorescent microscopy.
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1. Introduction

Fluorescent molecules have many applications, including fluorescence microscopy and
biological sensing. To achieve fluorescence detection with a high signal-to-noise ratio, it is
highly desirable to extract more photons from fluorescent molecules, and let them efficiently
radiate into the far field. Extensive effort has been made towards this goal. For instance, using
the strong near-field enhancement of surface plasmon modes, people have demonstrated that
the fluorescence emission can be improved up to three orders of magnitude [1-9]. However, if
fluorescent molecules are very close to the metal surface (usually within tens of nanometers),
a large amount of energy emitted by the molecules will undergo the plasmon mode and lossy
surface wave channels. Eventually energy dissipates into heat due to the intrinsic Ohmic loss
of metals, that is, the fluorescence is quenched [1,2,5]. Therefore, it is critical to balance the
increase of the local field intensity and the reduction of the external quantum yield, so that the
fluorescence can be effectively enhanced. On the other hand, it is found that purely dielectric
structures, such as one-dimensional (1D) periodic gratings or two-dimensional (2D) photonic
crystals, can also produce substantial local field enhancement thanks to the resonant photonic
modes of the dielectric system [10-15]. Such a platform based on sole dielectrics normally
exhibits much less losses in the optical region compared to plasmonic structures. Thus
fluorescence signals can be enhanced without suffering from pronounced quenching.
However, so far 1D or 2D periodic dielectric structures have not shown confined
fluorescence emission. In other words, macroscopically the fluorescence is amplified over the
entire space of the periodically structured dielectrics. Under some conditions, we may want to
selectively choose a certain area, sometimes a small one, to locally enhance fluorescence
emission and use it for subcellular biosensing applications [16,17]. Here we demonstrate that
based on a 2D dielectric annular Bragg resonator, electromagnetic waves can be focused to a
diffraction-limited spot and significantly boost the fluorescence emission. Experimentally we
observe 20-fold fluorescence enhancement averaged over an area of 4 pm? while
theoretically the fluorescence emission can be increased by more than three orders of
magnitude at the central point of the resonator. These findings could be very useful for
biosensor applications which are particularly interesting for biological sensing down to
subcellular level [16]. Not limited in sensing, such a strongly enhanced local field can also be
utilized for near-field optical trapping and manipulation [18,19]. Our demonstration in this
work may also have potential applications for fluorescence microscopy, and fluorescence
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correlation spectroscopy (FCS) at the single-molecule level [20], where the individual target
molecules can diffuse in and out of the strong field-enhancement region to give the flashes of
signals.

2. Field enhancement in annular Bragg resonators

Fig. 1. (a) Schematic of the annular Bragg resonator. The perpendicular incident waves are
converted to in-plane resonant guided modes, and focused at the center of the cavity.
Consequently, fluorescence emission is enhanced. (b) Scanning electron microscope (SEM)
image of one fabricated annular Bragg resonator.

It is well known that the fluorescence emission is given by [5]

Vem = Vexe " Tlext (1)

In Eg. (1), the excitation rate y,,. is proportional to | p-E |*, where p is the transition dipole

moment of a fluorophore and E is the local excitation field (incident plus scattered).
Assuming the internal quantum efficiency of the fluorophore is unity, then the formula for the
external quantum efficiency is

77ext = yrad / (7rad + 7/non—rad) (2)

where y,,, and y... ... represent the radiative and non-radiative enhancement factor,

respectively. If the non-radiative channel is more dominant than the far-field radiation channel
due to the strong coupling between the emitted photons and the plasmon mode or lossy
surface wave, the external quantum efficiency can significantly compromise the effect of the
local field enhancement on the fluorescence emission. We propose to use a 2D dielectric
annular Bragg resonator [21,22] rather than plasmonic structures to enhance the fluorescence
emission. Dielectrics have much less intrinsic materials losses than metals at optical
frequencies, thus the quenching effect can be greatly suppressed. Meanwhile, we can still
achieve considerable local excitation enhancement by properly designed dielectric structures.
The proposed dielectric ring resonator is schematically shown in Fig. 1(a). It consists of
high-dielectric-constant concentric rings with optimized grating periodicity. In the
experiment, the rings are made of titanium oxide whose refractive index is around 2.3 in the
visible region. Due to the periodic gratings, incident light can be converted to in-plane guides
waves, which are eventually concentrated at the center thanks to the constructive interference
[12,15,23,24]. A small hole at the center can further confine and amplify the field arising from
the strong dielectric contrast (titanium oxide versus water, see the following text), which is
similar to the mechanism of slot waveguide modes [25]. Alternatively, the structure can be
considered as a defect surrounded by radial Bragg reflectors. Such a circular resonator based
on radial Bragg reflectors can achieve ultra-small modal volume and a large quality factor,
and has been applied to realize single-mode lasing at room temperature [22]. Figure 1(b)
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shows the scanning electron microscope (SEM) image of one fabricated annular Bragg
resonator. The sample was fabricated using electron beam lithography on a quartz substrate
whose surface is covered by a 2 nm layer of indium tin oxide (ITO). The titanium oxide film
was obtained by reactive electron beam evaporation of TizOs and a lift-off process was
followed [26].

We perform numerical simulations based on commercial electromagnetic solvers (CST
Microwave Studio and COMSOL Multiphysics) to verify the field enhancement of the
proposed 2D ring cavities. The period, width, and height of the ring are 410 nm, 200 nm and
90 nm, respectively, and the diameter of the central hole is 100 nm. The ring is made of Ti;Os
(etisos = 5.29 which is determined by ellipsometry measurement), the substrate is quartz
(6quarz = 2.1), and the surrounding medium is water (ewaer = 1.77).
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Fig. 2. The distribution of the electric field in the cavity at the wavelength of 640 nm. (a)-(c)
plot the amplitude of the electric field (|E|) at three different cross-sections.
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Fig. 3. The field enhancement at the center of the cavity for different numbers of rings.

Figure 2(a) plots the electric field distribution when a linearly polarized light (polarization
along the x-axis) illuminates the ring cavity perpendicularly (that is, light propagates along
the z-axis). Around the resonance condition, the concentric gratings diffract and convert the
normal incident light to in-plane guided waves, which are constructively interference with
each other. The field is eventually focused and enhanced at the center of the annular Bragg
cavity. However, the x-polarized light cannot sense the periodicity of ring along the y-
direction. Therefore, the field spreads in the y-direction, as shown in Figs. 2(b) and 2(c). Due
to the cylindrical geometry, the eigenmodes of the system are radial modes characterized by
different angular propagation indices. Annularly polarized incident light and precise
modulation of the periodicity may further strengthen the field confinement [21,22].
Nevertheless, the absolute amplitude of the electric field can be still dramatically increased at
the center of the current design, which is plotted in Fig. 3 for different numbers of periods.
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One can see that the electric field, which is dominated by the x component, can be readily
enhanced over 10 times with only 6 concentric rings. When the total number of rings is 14,
the electric field at the center is more than 40 times larger than the incident field, implying the
fluorescence emission can be increased more than three orders of magnitude at the resonance
peak wavelength (see Eg. (1)). In addition, the sharp drop of the resonance peak after the
maximum indicates the Rayleigh’s cutoff phenomenon (the Wood’s anomaly effect) [23,27].
It is possible to further narrow the spectral width of the resonance down to several nanometers
[27], and thus the quality factor and field enhancement can be improved.

We have also simulated the plasmonic (silver) annular Bragg cavity with a similar
geometry that operates at the same wavelength. Due to the interference and focusing of
surface plasmons, the maximum field enhancement of the plasmonic resonator is about 21,
which is half of the dielectric counterpart. To calculate the external quantum efficiency in the
presence of metals, a dipole emitter is introduced at a certain position. By comparing the far-
field radiation energy assisted by the resonator as well as the dissipated energy in the metal
with respect to the radiation of the same dipole in free space [7], the external quantum
efficiency for a local position can be obtained according to Eq. (2). Finally, we can calculate
the fluorescence emission enhancement from Eg. (1). It is found that the emission
enhancement factor for a dipole emitter placed at the resonator center is only 53, indicating
that the quenching effect already starts to play a negative role. A more comprehensive
comparison of the fluorescence emission enhancement between the dielectric annular Bragg
cavity and the plasmonic one will be studied in the future and presented elsewhere.

3. Fluorescence experiments and discussions

Fluorescence enhancement measurement is a good way to characterize the field enhancement,
and it is also a nice demonstration of the potential applications of such a cavity for chemical
or biological sensors. Thus after the designed ring cavities had been fabricated, we incubated
them with 200 pg/ml APC (Allophycocyanin) conjugated IgG (from Ebioscience) for 20
hours at 4 degree. After careful rinses with deionized water for 3 times (1 hour each time), a
uniform coating of fluorescent molecules was formed on the sample. We imaged the samples
with Nikon TE2000 optical microscope using a 4x objective lens (0.13 N.A.), with the
excitation band from 567.5 nm to 622.5 nm and detection band from 632.5 nm to 697.5 nm.
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Fig. 4. (a) The fluorescence images of three different annular Bragg resonant cavities,
exhibiting the maximum enhancement factors 21, 13, and 14, respectively. For the three
samples, the width of the ring is fixed as 200 nm, the height of the ring is 90 nm, while the
periodicity of sample 1, 2, 3 is 410 nm, 390 nm and 430 nm, respectively. The upper panel is
the fluorescence enhancement images and the bottom panel is the corresponding bright field
images. The scale bar is 20um. (b) The simulated averaged fluorescence enhancement over an
area of 4 um?® at the central region of the cavity, in compassion with the experimental results.

The measured fluorescence enhancement images and the corresponding bright field
images are presented in Fig. 4(a). The enhancement by annular Bragg resonant cavities can be
clearly seen, while different enhancement factors were detected for three types of the cavities
with varied periodicities. We quantitatively determined the fluorescence enhancement by
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n= (Isample - Ibackground ) / (Isuhstrate - Ibackground) (3)

where lsample, lsubstrate N0 lpackgrouna r€fer to the collected light intensity from fluorophores on
annular Bragg resonator samples, fluorophores on the substrate and background noise signals
of a bare substrate without fluorophores, respectively. The maximum enhancement factors for
sample 1, 2, 3 were 21, 13, 14 respectively. It should be pointed out that we also did control
experiments of the fluorescence enhancement of 1D dielectric TizOs gratings with similar
geometry parameters following the same experimental procedure. The fluorescence signals
from 1D gratings strongly depend on the polarization of the illumination light [14]. For TM
(TE) light with electric fields polarized perpendicular (parallel) to the gratings, the
fluorescence on the grating area is clearly (barely) enhanced in comparison with that on the
bare substrate (data not shown here). Such control experiments confirmed that the
fluorescence enhancement was due to the field enhancement rather than fluorophore preferred
nonspecific binding, which meant that the difference of fluorophore binding affinity between
Ti30s and ITO, and thus the variation of fluorophore local density were neglectable.

The experimental results did not reach the predicted maximum enhancement at the center
of the cavity, because the enhancement factor was significantly underestimated due to the
following facts: First of all, a low N.A. lens was used to illuminate the sample almost
perpendicularly, so that the illumination light could be efficiently coupled to the guided mode.
On the other hand, the low N.A. lens limited the spatial resolution. Considering the pixel size
of CCD used in the experiment, the fluorescence enhancement images in Fig. 4(a) in fact
represented the averaged enhancement roughly over 4 um?® sample area per pixel. Secondly,
the fluorophores were linked with the antibodies before being coated to the sample. Because
of the physical size of the antibodies, the APC molecules were about 5-10 nm from the
sample surface on average, where the field enhancement was smaller than just at the surface
of the sample. Taking into account these two factors, we performed numerical simulations and
plotted the averaged enhancement factor over 4 pm? in the central region of the cavity but 7.5
nm above the sample surface. One can see that the general trend agrees well between the
experiment and simulation. The reasons for the 2-3 fold discrepancy may include: (1) The
excitation and emission bands were around 60 nm in width respectively, thus the measured
results should be an average of a certain width of enchantment peak in the spectrum around
640 nm; (2) The maximum enhancement was designed for normal incident light. Though we
used a low N.A. objective lens in the experiment, the measured data were still of an average
of incident light angle within 7.5 degree solid angle; and (3) the imperfection of the fabricated
structures. Near-field mapping such as NSOM (Near-field Scanning Optical Microscopy)
measurement in principle could provide direct information of the local field enhancement of
the resonator with a better spatial resolution, but it is out of the scope of the current work.

4, Conclusions

We have demonstrated fluorescence emission enhancement by a two-dimensional dielectric
annular Bragg resonant cavity. Due to the constructive interference of the in-plane guided
wave around the resonance wavelength, the electric field can be focused and amplified
considerably. Such a strong field leads to the significant fluorescence enhancement in the
experiment. The observed maximum averaged enhancement is about 20 times over an area of
4 um?, in a good agreement with the simulations. Our dielectric structures enable to avoid
significant quenching of fluorescence. We envision that such dielectric ring cavity structure
may have broad applications, ranging from near-field optical trapping, to ultrasensitive
chemical and biological sensors, and to fluorescent microscopy at the single-molecule level.
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