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n recent years organic-semiconductors

have attracted much attention as mate-

rials for the study of fundamental
physics' > and for their potential techno-
logical applications in molecular optoelec-
tronics and photonics.® '* In applications
involving the absorption or emission of ra-
diation, it is often necessary to confine the
electromagnetic field surrounding an emit-
ting dipole—an approach that is used to
generate optical feedback in organic-based
lasers.8~'* Indeed, the strength of the
optical-confinement generated by a struc-
ture can be quantified using the ratio Q/V.
Here, Q is the quality factor of the optical
resonator and is a measure of the confine-
ment lifetime of photons by the cavity, and
V is the mode volume of the resonator and
describes the strength of the optical field
peak within the cavity (V a 1/A/Ep). Struc-
tures with a large Q/V ratio are a prerequi-
site for the generation of a significant en-
hancement in the spontaneous emission
rate via the Fermi Golden Rule.''® High
Q-factors are also advantageous for creat-
ing effective optical feedback and thus the
generation of low threshold laser
structures.'”8

Until now, most work creating optical
cavities containing organic materials have
utilized either simple one-dimensional (1-D)
microcavities>'*1°~2! or two-dimensional
distributed feedback (DFB) resonators.'!
Here, typical Q-factors of ~1000 have been
demonstrated in 1-D optical microcavities
containing thin organic films.'#2021 Sych
structures however lack the three-
dimensional confinement required to
achieve a small mode volume and thereby
generate a large modification in optical
transition rates. Microcavity
micropillars'>?223 can provide three-
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ABSTRACT We have fabricated an L3 optical nanocavity operating at visible wavelengths that is coated with

a thin-film of a fluorescent molecular-dye. The cavity was directly fabricated into a pre-etched, free-standing

silicon-nitride (SiN) membrane and had a quality factor of @ = 2650. This relatively high Q-factor approaches the

theoretical limit that can be expected from an L3 nanocavity using silicon nitride as a dielectric material and is

achieved as a result of the solvent-free cavity-fabrication protocol that we have developed. We show that the

fluorescence from a red-emitting fluorescent dye coated onto the cavity surface undergoes strong emission

intensity enhancement at a series of discrete wavelengths corresponding to the cavity modes. Three dimensional

finite difference time domain (FDTD) calculations are used to predict the mode structure of the cavities with

excellent agreement demonstrated between theory and experiment.

KEYWORDS: optical nanocavity - photonic crystal - organic-semiconductor -
fluorescent molecular-dye - finite difference time domain calculations

dimensional optical confinement; however,
their experimental Q/V ratio is limited to
around 500 um 322 Dye-doped polymer
microspheres can support optical modes
with a Q-factor between 1000 and 10000;®
however, the mode volume of such micro-
spheres is relatively large?*—a condition
that limits typical Q/V ratios to around 100
me’3.

Recently, two-dimensional photonic
crystal (2DPC) nanocavities have emerged
as attractive structures in which to achieve
very high Q/V ratios. Such structures are
formed by deliberately introducing a physi-
cal defect into a two-dimensional photonic
crystal.®> The main advantage of 2DPCs over
other types of optical resonators are their
very small mode volume (of the order of (\/
n)® ~ 0.035 to 0.085 um?)??” combined
with Q-factors ranging between a few thou-
sand for materials of refractive index n ~ 2
(e.g., silicon nitride (SiN) or diamond)?® to
over a million for materials of refractive in-
dex n ~ 3.4 (e.g,, silicon or GaAs).”?

Several attempts have been made to
create 2DPC nanocavities based on a
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dielectric material that has been coated with an or-
ganic thin film. As most organic materials absorb or
emit light at visible wavelengths, it is necessary to use
high electronic band gap (E; > 3.1 eV) dielectric mate-
rials to fabricate the cavity to reduce optical loss by ab-
sorption in the dielectric. Such high electronic band
gap materials however have a relatively low refractive
index (n < 2.4); an effect which reduces the effective
ability of the cavity to confine photons and thus limits
the Q-factor of the resultant structure. For example Ki-
tamura et al.*° fabricated one-missing-air-hole 2DPC
nanocavities based on Alqs/SiO,, having a Q-factor of
1000. This value was however further limited because
of the lack of refractive index continuity in the vertical
direction of the photonic crystal slab. Barth et al>! have
also reported the fabrication of 2DPC nanocavities con-
sisting of three missing aligned air holes with some
modifications to the size and position of the air holes
surrounding the cavity (known as a modified L3 cavity)
based on SiN coated with a thin-film of the molecular
dye Nile Red. Here the nanocavity structures reported
had a Q-factor of 1500. Recently, we have reported the
fabrication of a regular L3 nanocavity defined in a free-
standing SiN membrane having a Q-factor of 1300.32
Despite this progress, there is still significant interest in
developing organic-based nanocavities with much
higher Q-factors, as such structures could form the ba-
sis of a low threshold nanolaser or a single-photon de-
vice. Such increases in Q-factor can in principle be real-
ized by improved optical design and by reducing the
density of physical defects in the cavity structure. Such
defects are known to act as scattering centers and
thereby introduce optical loss. In addition to this, cav-
ity Q-factor can be increased by minimizing the verti-
cal taper of the air holes surrounding the nanocavity.
Any such taper will generate a vertical asymmetry in the
structure and will lead to a coupling between TE and
TM-like modes, thus resulting in optical loss.>?

In this paper we describe the fabrication and charac-
terization of the optical properties of a nanocavity hav-
ing the highest Q-factor yet reported for an organic/SiN
based system (Q = 2650). The structures fabricated uti-
lize SiN to create a 2D resonator structure and are
coated with a thin film of an emissive organic chro-
mophore. As we describe below, we achieve high
Q-factors by directly patterning a free-standing silicon
nitride membrane using only dry-etch-based
processes—a technique that permits us to create pho-
tonic crystal holes having a low taper angle (2.5°). Such
high Q-factor cavities containing organic materials will
be of significant interest in the creation of a range of de-
vices including high-efficiency organic nanoscale light
sources’ and integrated nanoscale organic-lasers.

RESULTS AND DISCUSSION
The optical nanocavities that we have constructed
are based on three missing air holes in a two-
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Figure 1. (@) A schematic diagram of the location and layout
of the holes around the nanocavity explored in this work; (b,
c) SEM images at two magnifications of the SiN-based pho-
tonic crystal nanocavity. Here, both images were recorded
from the topmost surface of the structure. In part d we show
an SEM image of the nanocavity recorded from the under-
surface of a photonic crystal membrane.

dimensional photonic crystal slab constructed into a
SiN membrane of refractive index of n = 2.1. The free-
standing membranes that we have used were pur-
chased from Silson, Ltd. and consist of a 200 nm thick
SiN layer having an area of ~0.25 mm? that is defined
in a silicon wafer. Onto this free-standing membrane, a
triangular 2DPC was written using electron beam li-
thography having a lattice constant of a = 260 nm with
a diameter of 0.6a. A nanocavity was fabricated into
the photonic crystal and consisted of three aligned
missing air holes. To increase cavity Q-factor, the size
of the four boundary air holes on the ‘long-edge’ above
and below the cavity were reduced to 0.5a, with the
size of the air holes at the ends of the cavity reduced
to 0.4a and displaced away from the cavity center by a
distance of S = 0.22a. This structure was then trans-
ferred into the SiN membrane using a CHF;-based reac-
tive ion etching technique. The final size of the photo-
nic crystal was 146 wm?. Figure 1a shows a schematic of
the layout of the nanocavity, with parts b and ¢ show-
ing scanning electron microscopy (SEM) images of the
nanocavity and surrounding photonic crystal taken at
different magnifications.

In contrast to previous reports,3'3473 the holes de-
fined in our structures are not exposed to a wet
chemical-etch process that is usually used to remove a
sacrificial layer beneath the structure to form an air-
bridge. Such a wet-etch process is usually responsible
for introducing an inadvertent taper in the side-walls of
the holes in the photonic crystal. The low degree of
taper present in the air holes can be evidenced using
SEM. In Figure 1d, we show a SEM image of our struc-
ture taken from the underside of the free-standing
membrane. It can be seen that the apparent size of
the air-holes is reduced from 160 nm (membrane top
surface) to 143 nm (membrane bottom surface), indicat-
ing that the taper of each side-wall is around 2.4°. This
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Figure 2. The chemical structure of Lumogen Red.

compares very favorably with previous work on SiN-
based photonic crystal nanocavities, where a taper
angle ranging from 4° to 8° was reported.’!

To explore the effect of the cavity on a surface film
of an organic semiconductor, we coated a 3 nm thick
film of the molecular dye Lumogen Red onto the pho-
tonic crystal surface using thermal-evaporation. Lu-
mogen Red (see chemical structure in Figure 2) has a
high room-temperature photoluminescence quantum
efficiency combined with high photostability even un-
der extended exposure to sunlight.?

In Figure 3a, we plot the fluorescence emission spec-
trum of a control thin film of Lumogen Red (black line),
along with the luminescence recorded from the nano-
cavity surface. As it can be seen, the luminescence emis-
sion recorded from the cavity is very similar in shape
to that of the Lumogen Red control film, but onto which
are superimposed a series of sharp peaks appearing at
668, 646, and 634.8 nm. We arbitrarily label these peaks
as M1, M2, and M3, respectively. As these peaks are ab-
sent in the control Lumogen Red film, we conclude
that these peaks result from the enhancement of the
emission from the Lumogen Red as a result of a cou-
pling between the molecular dipoles and the confined
optical field in the underlying nanocavity. Note, that our
previous work3? has shown that the SiN itself is weakly
luminescent and is enhanced by the nanocavity struc-
ture; however, such emission can only be detected fol-
lowing excitation using a laser whose intensity is at least
30 times more intense than that used here.

Further insight into the resonant modes observed
in Figure 3a can be gained through measuring the
emission from the cavity as a function of polarization
angle. The results of these measurements are shown in
Figure 3b. It can be seen that mode M1 is polarized
along the y-axis (perpendicular to the cavity long axis)
suggesting that it is the fundamental cavity-mode,
while modes M2 and M3 are polarized along the x-axis
(parallel to the cavity long axis). By fitting the emission
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Figure 3. (a) Fluorescence emission of a control film of the
molecular dye Lumogen Red (black line) together with the
unpolarized fluorescence emission of the Lumogen Red
when coated onto the nanocavity surface; (b) fluorescence
emission of a Lumogen Red/SiN nanocavity recorded at a po-
larization perpendicular to (y-axis) and parallel to (x-axis)
the cavity long axis. The inset shows an expanded portion
of the emission spectra recorded perpendicular to the cav-
ity axis centered around the wavelength corresponding to
the M1 (fundamental cavity) mode. Here, the emission is fit
to a Lorentzian function having a line width of 0.25 nm.

spectrum of mode M1 in Figure 3b using a Lorentzian
function (see inset to Figure 3b) we deduce (using the
full width half-maximum mode line width A\) that the
cavity has a maximum cavity Q-factor (defined as N/AN)
of 2650. As far as we are aware, this Q-factor is the high-
est quality factor reported from a SiN-based 2DPC
nanocavity containing a fluorescent organic dye.

To gain further insight into the experimental spec-
tra presented in Figure 3, we have used three-
dimensional finite difference time domain (FDTD) calcu-
lations®” to simulate the optical properties of our struc-
ture. In the calculations we chose input parameters into
the FDTD model to closely resemble the known struc-
tural parameters of the cavities that we have fabricated.
In the calculations we set the photonic crystal size to
be 34a X 19/3a and the boundary conditions were
implemented by introducing a perfect matching layer
around the structure. In the calculations the emission
was modeled in the form of a single dipole of polariza-
tion P(x,y,z2) = (1,1,0) located at a weak symmetry point
close the cavity surface.

Figure 4a shows a comparison between calculated
and measured emission spectra. As it can be seen there
is a very close similarity between the two spectra vali-
dating use of a single dipole to simulate the emission
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Figure 4. (a) Comparison between the measured unpolar-
ized fluorescence emission spectrum from the Lumogen
Red/SiN nanocavity (red line) and the simulated emission
spectrum (black line) generated using our FDTD modeling;
(b) predicted electromagnetic field at the cavity surface at
wavelengths corresponding to modes M1, M2, and M3.

spectra of our structure. In particular, the FDTD emis-
sion spectrum contains three optical modes at 667.7,
645.8, and at 633 nm, with the mode at 667.7 nm be-
ing polarized along the y-axis. The calculations indicate
that the two shorter wavelength modes are polarized
along the x-axis in excellent agreement with experi-
mental measurements. Furthermore, the FDTD calcula-
tions indicate that mode M1 has a Q-factor of 2900; a
value in close agreement with the measured value of
2650. This close agreement suggests that optical loss re-
sulting from both incoherent scattering and vertical
asymmetry is strongly reduced in our cavity structures.
In Figure 4b, we plot the amplitude of the x and y
components of the electromagnetic field calculated at
the nanocavity surface for wavelengths corresponding
to modes M1, M2, and M3. As it can be seen the fields
associated with the optical modes are confined within
the cavity region. The y component of the electric field
distribution of the fundamental mode M1 has three an-
tinodes within the cavity, with field maxima at the cav-

EXPERIMENTAL SECTION
The optical properties of the nanocavities were investigated
using far field optical spectroscopy. Excitation was provided in
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ity center as expected for an L3 cavity.”” In contrast,
the x component of the electric field distribution of
mode M1 has a field node at the cavity center. For mode
M2, the x component of the field has an antinode at
the cavity center, while the y component of the field
has a node at the cavity center. As both modes M1 and
M2 have a field antinode at the cavity center, it poten-
tially makes them a very useful tool to modify the emis-
sion process of an emitting material that is located
within the cavity or on the cavity surface. Mode M3
however has a field node at the cavity center for both
x and y field components, and a field antinode close to
the air holes that surround the cavity. This makes mode
M3 less useful to study such effects as it potentially re-
quires an emissive dipole to be positioned close to the
air holes. Furthermore, the lack of clear symmetry of the
y component of the optical field of mode M3 suggests
that it is only weakly confined by the cavity.

Mode M1 is known to exhibit a small mode volume
of V = 1.32(\/n)® = 0.042 um32' yielding a Q/V figure
of merit equal to 63 000 wm 3, This makes our struc-
tures a suitable system to study the Purcell effect.
Achieving a large increase in the overall spontaneous
emission rate for an organic material using our cavity
will however require a high spectral and spatial over-
lap between the emitting dipole of the organic material
and the optical field of the cavity mode.’®*8 This will re-
quire a material having a narrow emission line width
to be accurately deposited on the cavity surface at a re-
gion corresponding to the antinode of a confined opti-
cal field mode. Future work will address this using high
precision lithographic patterning techniques such as
near field optical lithography® or dip-pen lithography*
to position a single emitter at the antinode of the M1
mode optical field. Such a technique will in principle
permit us to explore the coupling of a single emitter to
a confined field as has been demonstrated in self-
assembled quantum dot based structures.3%4!

CONCLUSIONS

We have fabricated organic nanocavities having a
Q-factor of 2650. The ability to create such high Q-factor
cavities results from the fact that our structures are di-
rectly fabricated on a free-standing SiN membrane, with
the structures created not being subsequently ex-
posed to a wet-etch stage. This technique allows us to
create photonic crystals having a small (2.4°) air hole
taper. We have used three-dimensional FDTD calcula-
tions to simulate the experimentally determined cavity
emission spectra with a high degree of accuracy. The
ability to create optical structures of increased finesse
will have direct impact on the development of a range
of organic-based photonic structures and devices.

a dark field configuration by focusing the 442 nm line of a HeCd
laser onto a 2500 pm? spot on the sample surface, with the la-
ser delivered to the surface at an angle of 45° relative to the sur-
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face normal. We estimate that the excitation power density at
the sample surface was ~15 W cm™2 The photoluminescence
emission from the cavities was collected at normal incidence
from the sample surface using a 50X objective lens with a nu-
merical aperture of 0.42 and was then directed toward a 0.25 m
spectrometer where it was dispersed onto a nitrogen cooled
CCD having a spectral resolution of 0.7 A. To limit the emission
recorded to that generated from the nanocavity alone (and not
the surrounding photonic crystal), all emission spectra were re-
corded with the spectrometer slit width reduced to 0.01 mm
with the emission collected from the rows on the CCD corre-
sponding to the cavity image.
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