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ABSTRACT: We have established a new platform to
control the rate of spontaneous emission (SE) of organic
molecules in the visible-light region using a combination of
a two-dimensional (2D) photonic crystal (PC) slab made
of TiO2 and a single-molecule measurement method. The
SE from single molecules of a perylenediimide derivative
was effectively inhibited via a radiation field controlled by
the 2D PC slab, which has a photonic band gap (PBG) for
transverse-electric (TE)-polarized light. The fluorescence
lifetimes of the single molecules were extended up to 5.5
times (28.6 ns) by the PBG effect. This result appears to
be the first demonstration of drastic lifetime elongation for
single molecules due to a PBG effect.

The chemical and physical processes of electronically
excited states of molecules have been applied to many

photofunctional systems, such as solar energy conversion,1a

light-emitting diodes,1b molecular data storage,1c and a
molecular ruler using Förster resonance energy transfer
(FRET).2 Because the initial process related to photo-
functionality in molecular systems occurs in competition with
several processes during the finite lifetime of the electronically
excited state, great effort has been directed toward the
acceleration of the target process to improve the functionality.
From the viewpoint of the competition of various processes
occurring in the excited state, control of common processes
such as radiative and nonradiative transitions, and in particular a
decrease in the rate constants for these transitions, can also lead
to an increase in the reaction yield of the target process.
Because the excited-state lifetime is generally dependent on the
surrounding environment, such as the solvent or temperature,
control of the lifetime of the excited state has been achieved by
changes in these factors. In contrast, the application of a
tailored dielectric environment via the control of the radiation
field presents a greater challenge. Photonic crystals (PCs)3 can
serve as tailored dielectric environments in which light
propagation is altered in the periodic structure of the dielectric,
thereby leading to an increase in the light−matter interaction
using slow light4 and control of the spontaneous emission (SE)
rate using a radiation field controlled by a photonic band gap
(PBG)5 or a PC resonator.6 A PC resonator with a high quality
factor increases the SE rate of the emitter via the Purcell effect,6

whereas a PBG in which the propagation of a light wave is fully
restricted inhibits the SE in the PC.7

Although the PBG is believed to control the excited state of
organic molecules by inhibiting the SE rate, thereby leading to
an increase in the excited-state lifetime, clear experimental
evidence has been difficult to obtain.8 Observing an increase in
the lifetime of the excited molecules in the PBG is difficult
because suppression of the emission of the ensemble molecules
with inhomogeneous orientations of the transition dipoles is
difficult. To suppress the emission of randomly oriented
ensemble molecules within a specified frequency range, one
must prepare a PC having a complete PBG5 that prohibits the
propagation of light in all directions. However, the fabrication
of a three-dimensional (3D) PC having a complete PBG in the
visible-light region is difficult because of the required high level
of processing accuracy.5c

In contrast, a suitably designed two-dimensional (2D) PC
slab could produce a PBG for transverse-electric (TE)-polarized
light with an electric field confined to the xy plane.9 Therefore,
the SE of a single dipole oriented in a specific direction, whose
electric field is parallel to the direction of the TE polarization,
can be efficiently inhibited by a 2D PC slab. In the present
work, we prepared a PC slab that is transparent in the visible
region (λ ≳ 400 nm) and has a high refractive index (RI) of
2.37 as a platform to control the SE rate of a variety of single
molecules. To manufacture the oxide PC slabs, we employed a
thermal annealing process that drastically reduces the back-
ground emission.10 This low background emission is important
for applying the slabs to single molecules, whose fluorescence
signals are weaker than those of quantum dots under the same
excitation power. In addition, we adopted a single-molecule
method for detecting fluorescence lifetimes.2,11 In ensemble
measurements with a random orientation of molecules in the
PBG, the portion of molecules whose SE probability is
suppressed by the PBG may be too small for a difference in
the fluorescence lifetimes to be detected clearly. One effective
method for overcoming this difficulty utilizes fluorescence
detection of single molecules because the detection of the
individual molecules can provide information that is usually
obscured by ensemble averaging. We experimentally obtained
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the fluorescence properties of single molecules of a
perylenediimide derivative on air-bridged PC slabs. We also
studied the modification of the SE rates for single molecules
depending on their orientation and position on the PC slabs.
Air-bridged TiO2 PC slabs were prepared using electron-

beam lithography and dry and wet etching processes [see the
Supporting Information (SI) for details of experimental
procedures]. The overall structure of the PC is illustrated
schematically in Figure 1a,b. Figure 1c presents scanning

electron microscopy (SEM) images of the PC slab. The light-
gray regions in the SEM images correspond to the suspended
TiO2 membrane. The photonic band structure of the PC slab
computed using a 3D finite-difference time-domain (FDTD)
method (Figure 1d) indicates that a TE-like PBG is present in
the normalized frequency (a/λ) range from 0.38 to 0.42,
although a transverse-magnetic (TM)-like PBG is absent in all
frequency ranges. Figure 1e provides the absorption and
fluorescence spectra of the fluorescent dye N,N′-dipropyl-
1,6,7,12-tetrakis(4-tert-butylphenoxy)-3,4:9,10-perylenetetracar-
boxydiimide (BP-PDI),12 which was obtained from Yamada
Chemical.12b This figure indicates that the PBG overlaps the
fluorescence spectrum to the greatest extent at a lattice constant
(a) of 240 nm.
Figure 2a shows a confocal scanning fluorescence micrograph

of the PC slab having a lattice constant of 240 nm onto which
BP-PDI was coated. As shown in Figure 2a, the sides of the
specimen do not have a PC structure, whereas the center is
covered with the PC. We used fluorescence spot data from the

sides of the slabs (without the PC) as a reference. Figure 2b−j
provides representative results for the temporal profiles,
coincidences, and fluorescence decay curves for the fluores-
cence spots without a PC (Figure 2b,e,h) and with a PC having
a 240 nm lattice constant (Figure 2c,f,i and d,g,j). All of the
fluorescence time profiles (Figure 2b−d) exhibit irreversible
single-step decreases in the fluorescence intensities until the
background level is reached, which strongly suggests that the
fluorescence signals originate from single molecules.11b To
confirm detection at the single-molecule level, we plotted
second-order photon correlation histograms (Figure 2e−g).
The correlation values at τ = 0 [g(2)(0)] were 0.1, 0.05, and 0,
respectively. These small g(2)(0) values clearly support the
detection of single emitters.11a

The fluorescence decay curves were analyzed using a
biexponential function (Figure 2h−j). The decay curve without
a PC (Figure 2h) was reproduced by a curve calculated using
time constants of 0.8 ns (26%) and 4.7 ns (74%). In contrast,
the decay curves for the PC were reproduced using time
constants of 1.3 ns (25%) and 14.7 ns (75%) (Figure 2i) and
1.7 ns (63%) and 28.6 ns (37%) (Figure 2j). The longer- and
shorter-lifetime components are attributed to the signals from
the single molecules and the background emission from the
TiO2 slab, respectively. The lifetimes (14.7 and 28.6 ns) of BP-
PDI shown in Figure 2i,j are much longer than the typical BP-
PDI lifetime (∼5 ns),12 suggesting that the lifetimes increased
dramatically as a result of the effect of the PBG.

Figure 1. (a, b) Schematic diagrams and (c) SEM images of an air-
bridged TiO2 PC slab. (d) Photonic band structure of the PC slab. Red
□ and blue ■ indicate the TE-like and TM-like modes, respectively.
(e) Absorption and fluorescence spectra of BP-PDI dye molecules.
The shaded regions in (e) indicate the TE-like PBGs of PC slabs with
lattice constants of 200, 240, and 280 nm.

Figure 2. (a) Confocal fluorescence micrograph of a PC slab having a
lattice constant of 240 nm. Representative results for (b−d)
fluorescence intensity time traces, (e−g) coincidence histograms as a
function of the time delay between the two detectors, and (h−j)
fluorescence decay curves of (b, e, h) a single molecule without a PC
and (c, f, i and d, g, j) two single molecules with a PC having a lattice
constant of 240 nm.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja3115357 | J. Am. Chem. Soc. 2013, 135, 106−109107



To determine the effect of the PBG on the lifetime, the
fluorescence properties of single molecules were statistically
analyzed. Figure 3a,b shows the fluorescence lifetimes of BP-

PDIs without a PC and with a PC having a lattice constant of
240 nm (see the SI for the results with other lattice constants).
Figure 3c,d presents the maximum and average lifetimes,
respectively, for each lattice constant. The range in the lifetime
distributions with the PCs (Figure 3b and Figure S2b−j) is
wider than that without a PC (Figure 3a), whose lifetimes are
all less than 8.9 ns. At a lattice constant of 240 nm, the range of
the distribution, which includes a number of molecules with
longer lifetimes (15−28.6 ns), and the maximum and average
lifetimes are largest. These observations strongly suggest that
these longer lifetimes are due not to contamination with
different chemical species but instead to elongation of the
lifetimes of BP-PDI molecules through the effect of the TE-like
PBG. The average lifetimes obtained from the ensemble
fluorescence measurements are also provided in Figure 3d. The
agreement between the lifetimes obtained through the
ensemble and single-molecule measurements ensures statistical
validity. In contrast, these results indicate that the single-
molecule measurements detect the subpopulation of molecules
with longer lifetimes that are obscured in the ensemble
measurements.
The distribution of lifetimes without a PC arises from the

conformational distribution and the fraction of the molecules
adsorbed on the underside of the slab (without a SiO2 layer),
where lifetime shortening may occur because of photoinduced
electron transfer to the TiO2. More importantly, the
distribution of BD-PDI fluorescence lifetimes on the PC can
be interpreted in terms of the local modification of the SE rate
for the molecules. According to Fermi’s golden rule, the SE rate
of an emitting dipole depends on the availability of photon
modes, or the electromagnetic local density of states (LDOS).9

The local radiative density of states (LRDOS) accounts for the

SE rate of the dipole and is dependent on both its position and
orientation. We calculated the SE rate of a dipole (see the SI for
details) in three different orientations (x, y, and z) located on
the surface of the slab or in an air hole (Figure 4a). Figure 4b

shows the LRDOS normalized to that in a vacuum for an in-
plane-oriented (x) dipole positioned at the plane of symmetry
of the slab (z = 0; position C′ in Figure 4a). A strong inhibition
of the normalized SE rate (∼0.1) is observed within the
normalized frequency (a/λ) range 0.36−0.42. This behavior
corresponds to the TE-like PBG shown in Figure 1d. Figure
4c−e summarizes the LRDOS values for the in-plane-oriented
(x and y) and vertically oriented (z) dipoles located on the PC
structure. For the x and y dipoles, the emission is strongly
inhibited near the plane of symmetry of the slab (z = 0,
positions C−D), whereas no strong inhibition is observed on
the top surface of the slab (positions A−B, and E−G). In
contrast, for the z dipole, no strong inhibition of the SE rate in
the PBG region is observed at any position, as expected for
structures that lack a TM-like PBG. The simulation results
suggest that the molecules with long lifetimes are located near
the plane of symmetry of the slab (z = 0; positions C−D) with
an in-plane orientation.
The theoretical lifetime elongation factor of the dye ( fsim)

was evaluated from the integrated intensities of the fluorescence
spectrum in a vacuum (Ivac) and that modified by the PC
structure (IPC) using eqs 1 and 2:

Figure 3. Distributions of fluorescence lifetimes of single molecules
(a) without a PC and (b) with a PC having a lattice constant of 240
nm. Measurements of (a) 364 and (b) 400 single molecules were used
to obtain the histograms. The dashed lines represent the average
lifetimes. (c) Maximum lifetimes of the single molecules. (d) Average
lifetimes obtained in the single-molecule (circles) and ensemble
(squares) measurements. The open symbols represent the results
without a PC.

Figure 4. (a) Schematic diagram of positions A−G on a PC slab at
which an emission dipole (x, y, or z orientation) was placed to
calculate the SE rates. (b) SE rate relative to that in a vacuum vs the
normalized frequency (a/λ) for an x dipole positioned at C′ in (a).
(c−e) SE rates relative to that in a vacuum for (c) x, (d) y, and (e) z
dipoles at positions A−G.
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where τPC, τvac, ΓPC, and Γvac values are the fluorescence
lifetimes and SE rates of the dye in the structure and in vacuum,
respectively; knr is the nonradiative decay rate; and Qvac is the
fluorescence quantum yield in vacuum, given by Qvac = Γvac/
(Γvac + knr). The variable f 0 is the theoretical lifetime elongation
factor corresponding to a fluorescence quantum yield of 1.
Thus, the maximum fsim for BP-PDI (x dipole at C′) is 5.9 ( f 0 =
7.4), assuming a BP-PDI quantum yield of 0.96.12c In contrast,
the experimental lifetime elongation factor ( fexp) was 5.5 on the
basis of the longest lifetime (τ = 28.6 ns), for which τvac = 5.2
ns.12a The theoretical calculation and the experimental result
are in good agreement. We numerically estimated the lifetime
distributions to evaluate the proportion of single molecules
with longer lifetimes (see the SI for details). The lifetime
distributions are shown in Figure S4b−h. These results
reproduced the experimentally observed tendency of the
distributions and support a small subpopulation of molecules
with longer lifetimes (>15 ns) [3% for the experiment (Figure
3b), 13% for the simulation (Figure S4e)] at a lattice constant
of 240 nm.
In conclusion, we have established a new photonic-crystal-

based platform to control the SE rate of organic molecules by
combining a 2D PC slab with a measurement at the single-
molecule level. The lifetime elongation factors obtained for the
single molecules (2.9−5.5) are considerably larger than those
due to the effect of a PBG that have been observed for
ensembles of organic molecules.8 This result appears to be the
first demonstration of drastic lifetime elongation in single
molecules due to the effect of a PBG. Our results present a new
approach for controlling the excited-state lifetime and the
photochemical, photophysical, and FRET processes of organic
molecules via the use of a controlled radiation field. This
research could also lead to the implementation of biological
analysis equipment,4b organic photonic devices,1b,4a and
molecular photonic devices2b such as single-molecule lasers.
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