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The nature of light interaction with matter can be dramatically
altered in optical cavities, often inducing nonclassical behavior. In
solid-state systems, excitons need to be spatially incorporated
within nanostructured cavities to achieve such behavior. Although
fascinating phenomena have been observed with inorganic nanostructures, the incorporation of organic molecules into the typically
inorganic cavity is more challenging. Here, we present a unique optoﬂuidic platform comprising organic molecules in solution suspended
on a photonic crystal surface, which supports macroscopic Fano
resonances and allows strong and tunable interactions with the
molecules anywhere along the surface. We develop a theoretical
framework of this system and present a rigorous comparison with
experimental measurements, showing dramatic spectral and angular enhancement of emission. We then demonstrate that these
enhancement mechanisms enable lasing of only a 100-nm thin layer
of diluted solution of organic molecules with substantially reduced threshold intensity, which has important implications for
organic light-emitting devices and molecular sensing.
ﬂuorescence enhancement

| enhanced light–matter interaction

O

rganic molecules are pervasive in daily life: from natural
proteins, to human synthesized ﬂuorescing labels, to organic
semiconductors. The interaction of light with such molecules is at the
heart of important technological advances in biomolecular detection
(1–4), ﬂuorescent microscopy (5), and organic light-emitting devices
(6–9), as well as more fundamental studies of cavity quantum electrodynamics (10–12) and various types of enhanced spectroscopy
(13) and sensing (14). In all, it is frequently sought to alter (15–18)
and often to enhance this interaction by allowing it to occur in
a typically nanostructured cavity, where both the lifetime of the
resonances and the optical density of states (DOS) (19) can be tailored. However, there are inherent challenges in incorporating organic molecules in such cavities: ﬁrst, their dissimilar compositional
structure makes it difﬁcult to incorporate them within the highdielectric regions of the cavity, where long-lifetime resonances concentrate their electromagnetic energy. Second, micro- and nanostructured cavities typically only have a small portion of their mode
volumes extending outside their high-dielectric regions, making it
challenging to bring external entities precisely to within that
volume. Third, patterning of organic materials at the nanoscale is
extremely challenging and incompatible with inorganic processes.
As a result, experimental realizations of systems of excitons of
organic molecules and optical resonances are limited compared
with systems of inorganic quantum nanostructures.
Here, we present and study a unique dielectric surface that
enables simple incorporation of organic molecules onto a macroscopic nanostructured resonant cavity. This system demonstrates
strongly enhanced interaction of light with organic molecules that
are brought to within 100 nm of its macroscopic surface. The
surface, patterned with a subwavelength periodic structure, supports a special type of Fano resonances (20, 21), some of which
are completely decoupled from free-space radiation due to symmetry arguments, and thus, in principle, maintain an inﬁnitely long
lifetime despite lying within the light cone. The novelty and
www.pnas.org/cgi/doi/10.1073/pnas.1311866110

simplicity of this system whereby delocalized resonances with an
ultralong lifetime can exist above the surface, and consequently
easily interact with added molecules anywhere along the surface,
provide a unique optoﬂuidic platform for molecular sensing and
lasing purposes. The spectral and angular radiation pattern of
the organic molecules placed close to the surface is dramatically
modiﬁed compared with their free-space emission due to the
strongly altered spectral density of states (SDOS) (19) presented
by the photonic crystal (PhC). Sharp spectral features in their
ﬂuorescence spectra are observed, with enhancement of the
differential radiated power (13) as high as 6:3 × 103 -fold. We
theoretically show that the origin of enhancement can be attributed to two mechanisms: enhancement of the local excitation
ﬁeld and enhancement of the extraction rate. We develop a theoretical model involving coupled mode theory (CMT) and expansion of the Green’s functions in the basis of Bloch modes to predict
the contribution of each mechanism to the total enhancement.
Furthermore, we show that the two enhancement mechanisms
also contribute to reduce the lasing threshold by an order of
magnitude compared with previously demonstrated laser cavities
with the same gain medium [Rhodamine 6G (R6G), which was
used here] (22–25). Demonstration of organic dye molecule lasing
using this special type of Fano resonances is also provided.
Theoretical Framework of Emission Enhancement
We start by outlining the theoretical framework for the interaction of optical resonances and organic molecules in the weakcoupling regime. Without loss of generalities, we consider here
a PhC covered with organic molecules in solution, shown schematically in Fig. 1. This PhC slab, made out of a periodic square
array of holes, supports Fano resonances with delocalized wave
functions and long lifetimes (20, 21). The electronic transitions
of the ﬂuorescence process in organic molecules are shown in
Fig. 1A, involving the two lowest energy singlet states (13). The
interaction of light with the organic molecules can be dramatically
modiﬁed in the presence of optical resonances (26–28) through two
mechanisms: (i) enhancement of the molecules’ absorption by
coupling the pump into a resonance mode compared with bulk
absorption, ΛC , and (ii) enhancement of the extraction rate of
generated photons into the far ﬁeld in the presence of PhC compared with placed in the free space, ΛT . In this section, we derive
a theoretical model for the two enhancement factors stressing
effects involving the subwavelength structure of the resonator. Because the quantum yield of many dye molecules is close to unity
(29), we assume it remains unchanged due to enhancement
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Fig. 1. Optoﬂuidic platform of organic molecules coupled to Fano resonances of the macroscopic photonic crystal. (A) Schematic drawing of the two lowest
singlet energy levels of a dye molecule and the transitions it undergoes during ﬂuorescence emission. (B) Schematic drawing of the experimental setup of
the angle-resolved ﬂuorescence measurements of R6G dissolved in methanol at the concentration of 1 mM placed on top of the PhC. The gray substrate is the
macroscopic PhC slab. The orange spheres are schematic drawings of the R6G molecules in solution. The blue surface represents the equal energy density
surface of the Fano resonance. Fluorescence spectra of the organic solution were recorded using a high-resolution spectrometer placed close to the normal of
the PhC. By tuning the position of the spectrometer, ﬂuorescence spectra of the molecules along Γ to X and Γ to M were measured.

effects. However, it is important to note that, in general, the
quantum efﬁciency changes in cavities via the Purcell effect (30).
Excitation enhancement occurs in structures that support
resonances for the excitation wavelength via the enhancement of
the local electric ﬁeld in the site of the molecules. Because the
active volume of the organic material that interacts with the resonance is typically small (compared with the wavelength) in nanostructured resonances, only a small fraction of the excitation beam
is absorbed in most cases. However, the local excitation ﬁeld can
be orders of magnitude higher than in free space when the pump
is coupled to resonances with a long lifetime (the pump-resonance
mode), and can therefore lead to enhanced absorption. The power
B
= ðN0 σ abs dÞ × Pin ,
absorbed by bulk molecules is given by Pabs
where σ abs is the absorption cross-section of molecules, N0 is the
number density of molecules, d is the thickness of the layer that
the molecules occupy, and Pin is the pump power. Using CMT
(31–33), the excitation enhancement can be shown to be:
 2
Pres
2λP αP QP
=
;
[1]
ΛC ≡ abs
B
Pabs
πndPeff QPr
where λP is the pump wavelength, n is the refractive index of the
liquid where organic molecules are dissolved, QPr is the radiative
quality factor of the channel to couple the pump beam in, and QP
is the total quality factor of the pump mode, dPeff is the effective
length of the evanescent tail of the pump mode into the molecule
layer, and αP is the energy conﬁnement of the pump mode in the
molecule layer. Note that all quantities in Eq. 1 can be found either
by ﬁnite-difference time-domain (FDTD) simulation (34) or by
ﬁtting spectral reﬂection measurements to CMT (21). Details about
how different Q’s are obtained are provided in Materials and Methods.
Excitation enhancement, ΛC , is maximized when the standard Qmatching condition between the total radiative and nonradiative
Q of the pump mode, QP;tot
and QPnr , is satisﬁed (33).
r
The second mechanism is extraction enhancement due to strong
modiﬁcation of the SDOS in the presence of Fano resonances. The
angular emission of molecules can be dramatically altered when
coupled to a macroscopic nanostructure resonance compared with
that in free space. When coupled to a resonance, the rate at which
a uniform and isotropic collection of molecules generates photons
with crystal momentum k at resonant frequency ωk can be written as:
ΓPhC ðk; ωk Þ =

N0 πωk jμj2 F
α ðk; ωk Þ × Sðk; ωk Þ:
3Ze0

[2]

Materials and Methods). Here, αF ðk; ωk Þ is the energy conﬁnement of the ﬂuorescence resonance mode in the molecule layer,
Sðk; ωk Þ = 4π3AΔωk is the SDOS of the system at k and ωk , Δωk =
ωk
is the line width of the resonance, A is the area of the
2QFr ðk;ωk Þ
macroscopic Fano resonance, and jμj is the electric dipole momentum of the molecules. From here on, all parameters of the
ﬂuorescence mode (QF ,QFr ,αF ,S, and ΓPhC ) are for the speciﬁc
mode of ðk; ωk Þ, unless speciﬁed otherwise. The ratio between
the extraction rate into the far ﬁeld in the presence of the PhC
F
; SI Materials and Methods) compared with the free
(ΓPhC × Q
QF
r

space ðΓf−s Þ, under the assumption that the radiation direction
is close to normal, can be written as:
ΓPhC ×
ΛT ðk; ωk Þ ≡

Γf−s

QF
QFr

=

 2
λF αF QF
;
nπdFeff QFr

[3]

where dFeff is the effective length of the evanescent tail of the
ﬂuorescence mode in the molecule layer, QFr is the radiative
quality factor of the ﬂuorescing channel, and QF is the total
quality factor of the ﬂuorescence mode. To maximize ΛT , similar
to the case of ΛC , one seeks to maximize αF , as well as to enforce
;
the Q-matching condition of the ﬂuorescence mode (QFnr = QF;tot
r
SI Materials and Methods), instead of to lower QFr in general as
often suggested. Similar to Eq. 1, all quantities in Eq. 3 can be
obtained from FDTD calculations and spectral reﬂection measurements. Note that there are three major differences between
this formalism and local optical density of states (LDOS) (19)
enhancement calculations in microcavity systems (35–40):
i) Here, we are considering the emission of a uniform and isotropic ensemble of molecules placed on a periodic macroscopic PhC into ﬁxed crystal momentum k at frequency ωk ,
which is proportional to the SDOS of the system instead of the
LDOS [proportional to the total emission of one dipole into
all directions] (41–45).
ii) To treat an inﬁnitely large system, the basis adopted here to
expand Green’s functions are Bloch modes under periodic
boundary conditions instead of localized eigenmodes as often
used in LDOS calculations.
 F
iii) The portion Q
of generated photons to be radiated coQF
r

This result can be achieved by expanding the Green’s function
in the basis of normalized Bloch modes with a ﬁnite lifetime (SI
13712 | www.pnas.org/cgi/doi/10.1073/pnas.1311866110

herently to the far ﬁeld and to reach the detector is taken
into account; therefore, the maximizing condition changes
Zhen et al.

×


P 2

Q
QPr

overlap integral

 F 2 #
Q
·
≈ ΛC ΛT ðk; ωk Þ:
QFr

[4]

Here, EF ðrÞ is the normalized mode proﬁle for the ﬂuorescence
mode and EP ðrÞ is that for the pump mode. The approximation
Λðk; ωk Þ ≈ ΛC ΛT ðk; ωk Þ in Eq. 4 is valid under two assumptions:
(i) The quantum yield of the molecules remains constant as mentioned, and (ii) more importantly, the normalized pump and ﬂuorescence mode proﬁles are roughly uniformly distributed in a
similar region in space; therefore, the overlap integral in Eq. 4
can be simpliﬁed to be αP × αF . The latter approximation is commonly ignored in photonic systems; however, it can lead to further
enhancement. Note that in many plasmonic systems, the origin of
enhancement comes mostly from this mode overlap integral term
and cannot be simpliﬁed.
Unlike plasmonic systems, the most signiﬁcant contribution to
the enhancement in photonic systems typically comes from the
high Q’s of the resonances and is given by the last term of Eq. 4:
QP QF
ðQP Þ2 ðQF Þ2
· QF . This term reaches its maximum of ≈ nr64 nr under the
QrP
r
Q-matching conditions stated previously. Accordingly, to achieve
the highest enhancement, a photonic system is desired both to
present resonances with high radiative and nonradiative Q’s and
to possess a “tuning” mechanism such that the Q-matching
condition can be achieved. The photonic crystal presented here
satisﬁes all these requirements. This structure was demonstrated
to achieve nonradiative Q as high as 104 (21), only limited by
fabrication imperfections, and radiative Q approaching inﬁnity
due to the decoupling from free-space radiation based on symmetry arguments. Because the radiative
 Q of the resonances
strongly depends on the wave vector k, Qr ∝ 1k , at small k, the
Q-matching condition can always be satisﬁed at a certain angle.
One direct consequence of the enhancement mechanisms is
the reduction in the lasing threshold of such systems. We experimentally observed a signiﬁcantly reduced lasing threshold of
the speciﬁc organic molecules, R6G, compared with previously
reported results. The reduction of the lasing threshold in this
unique type of dye laser that uses these special Fano resonances
is due to two reasons. First, the excitation ﬁeld is dramatically
enhanced near the surface of the PhC ðΛC  1Þ, enabling substantial absorption of the pump within a thin layer of diluted
molecules near the PhC surface. The second contribution originates from the enhanced emission rate of the molecules into the
lasing mode compared with their free-space emission with similar
mode volume. This enhancement can be introduced phenomenologically into the lasing rate equation through the spontaneous
emission factor, β, which is classically deﬁned as the ratio between
the emission rate into the lasing mode and the total emission rate.
The lasing threshold is typically inversely proportional to β; hence,
it can be reduced in cases where the emission rate into the lasing
mode is enhanced, whereas the total rate remains almost constant.
A rigorous CMT model of the laser dynamics of the system of
organic molecules in nanostructured cavities was developed by
our group elsewhere, similar to the model described in ref. 47.
Experimental Results of Enhanced Fluorescence Emission
and Comparison with Theory
We experimentally studied a system comprising a solution of R6G
molecules in methanol suspended on top of a PhC slab supporting
Zhen et al.
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Fig. 2. Signiﬁcantly enhanced ﬂuorescence emission from R6G molecules.
Comparison of ﬂuorescence spectra of R6G molecules measured in the
normal direction on the PhC (solid lines) pumped on-resonance (blue) and
off-resonance (red), as well as on a uniform unpatterned slab (dashed green
line). *, blue line has been multiplied by a factor of 0.1 for the simplicity of
comparison with others. By comparing the spectra, we obtain the excitation
exp
exp
(Λexp
Þ enhancement factors, which are
C ), extraction ðΛT Þ, and total ðΛ
compared with the theoretical predictions, as described in the main text.
(Inset) FDTD calculation results of the band structure from which the incident
8
angle (ϕ) for on-resonance coupling is determined ðϕth
on = 10:0 Þ, showing good
8
agreement with experiments ðϕexp
on = 10:02 Þ. a.u., arbitrary unit.
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Given knowledge of the excitation and extraction enhancement,
the total enhancement factor, Λðk; ωk Þ, can be shown to be:
2
3
#
"
Z
P F




η
2λ λ
6
EF ðrÞ2 EP ðrÞ2 dr7
Λðk; ωk Þ = PhC · 2 2 P F × 4dPeff a2
5
η0 π n deff deff
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this special type of Fano resonances (21). A schematic drawing
of the setup is shown in Fig. 1B, where the gray substrate is the
PhC slab, consisting of a square lattice of air cylindrical holes
(same as used in ref. 21). The PhC was placed in a liquid cell with
a channel thickness of dch = 2 μm and was ﬁlled with R6G solution
dissolved in methanol at a concentration of 1 mM. The liquid cell
was mounted on a precision motorized rotating stage, where the
incident angle of the laser, ϕ, can be precisely controlled along
the Γ − X direction (Materials and Methods). The molecules are
excited by a 532-nm continuous wave (CW) laser at a power level
of 20 mW, well below the lasing threshold of the system.
Fig. 2 shows a comparison of the ﬂuorescence spectra of R6G
molecules measured in the normal direction for three scenarios:
on an unpatterned slab (dashed green line) and on the PhC (solid
lines) pumped on-resonance (blue) and off-resonance (red). The
spectrometer was ﬁxed at the normal direction of the PhC sample,
and switching between on- and off-resonance coupling was achieved by tuning the incident angle of the pump, ϕ. From FDTD
calculations of the band structure (Fig. 2, Inset), the on-resonance
8
coupling angle, ϕth
on , was determined to be 10:0 , agreeing well
8
with the measured ϕexp
=
10:02
.
In
the
on-resonance
case, the
on
excitation ﬁeld within dPeff from the surface is strongly enhanced
compared with off-resonance, whereas the remainder of the bulk
layer exhibits no enhancement. The excitation enhancement can
be analyzed by comparing emission spectra for on-resonance
(blue) and off-resonance (red) coupling. The difference between
the two is solely due to excitation enhancement, because the
extraction enhancement, ΛT , for the same wavelength at the same
angle remains the same. Note that the channel thickness, dch ,
is generally different from dPeff . Because we are only interested
in characterizing the enhancement due to the presence of the
pump resonances, we restrict our analysis to only a thin layer
within dPeff = 100 nm (SI Materials and Methods). The excitation

# of Photons (a.u.)

from adopting lower QFr in general to Q-matching consistent
with the study of Seok et al. (46).

QFr of both modes approach inﬁnity at Γ (20, 21). Away from Γ,
 
QFr of both modes drops ∝ 1k , and Λth
T is maximized when the

Fig. 3. Comparison between theoretical model and experimental results of
the enhancement mechanisms. (A) Band structure of the PhC along Γ-to-M
and Γ-to-X directions. (B) Angle-resolved ﬂuorescence measurements of R6G
solution suspended on top of the PhC. The correspondence between the
color and number of photons (arbitrary units) is given in the color bar on the
side. (C) Total enhancement factors, Λth , for mode 1 (blue line) and mode 4
(green line) calculated through the product of excitation enhancement,
th
Λth
C , and extraction enhancement, ΛT ðk; ωk Þ, using the theoretical model. (D)
Theoretical prediction of the averaged total enhancement factor, Λth , between 0° and 1:58 , to be compared with experiments. (E) Total enhancement
factor, Λexp , extracted from experimental results in B. A comparison between D and E for the same angle range (0–1:58 ) shows good agreement not
only in trend but also in values.

enhancement obtained from experimental results is given by:
exp
ΛC = I I×onðd−PIoff=d Þ ≈ 80. Ion and Ioff are the measured ﬂuorescence
off
ch
eff
intensities for wavelengths far away from the three resonances
at Γ. The theoretical prediction, Λth
C , as calculated from Eq. 1, is
60, which agrees reasonably well with experiment (with the main
source of difference stemming from the uncertainty in determining dch ).
The extraction enhancement, ΛT , as in Eq. 3, depends on QFr ,
which is strongly angular-dependent near normal direction. Therefore, angle-resolved ﬂuorescence measurements were carried out
to study ΛT experimentally. In total, the ﬂuorescence signal was
measured at 125 different angles up to 4:58 along Γ − X and up to
1:5∘ along Γ − M, as shown in Fig. 3B. Each slice on the horizontal axis represents the emission spectrum at that angle. The
incident angle of the pump was ﬁxed at 10:028 for on-resonance
coupling in all measurements. For comparison, Fig. 3A shows
the band structure of the PhC from FDTD calculations within
the same range of angles. The bands are labeled as numbers 1
through 5 for the simplicity of further discussion. The ﬁrst feature of Fig. 3B is that the ﬂuorescence is always maximized
around the Fano resonances of the PhC (ﬁgure 2 of ref. 21). This
can be intuitively understood from Eq. S1 in SI Materials and
Methods: The decay rate into frequency ω is proportional to
Δωk
, which is maximized at ω = ωk . The second feature
ðω − ωk Þ2 + ðΔωk Þ2
of Fig. 3B is the strong angular dependence similar to ΛT . Although similar angular dependence has been previously reported
(27, 28), we present here a rigorous quantitative model that
faithfully predicts the experimental results.
Theoretical prediction of extraction enhancement, Λth
T , for
bands 1 and 4 was calculated using Eq. 3 within 28 along Γ − X.
Based on this result, theoretical prediction of total enhancement,
Λth , is plotted in Fig. 3C, with details provided in Materials and
Methods. Note that Λth goes to zero for both bands at Γ because
13714 | www.pnas.org/cgi/doi/10.1073/pnas.1311866110

≈ 12 QFr and QFnr is reached.
Q-matching condition between QF;tot
r
From a study by Lee et al. (21), we see that QFr of mode 1 drops
much slower than that of mode 4, which explains why Λth of
mode 1 increases much slower than that of mode 4 near Γ. Finally, before we can directly compare theory with experiment,
Λth needs to be averaged over the range of k corresponding
to the acceptance angle of the spectrometer aperture, which is
narrow in the x direction (the difference of resonance frequencies of allowed k within corresponding acceptance angle is small
compared with the resonance line width) but wide ð ≈ 18 Þ in the
y direction. Due to the limitation of the angles where QF was
measured by Lee et al. (21), averaged total enhancement, Λth ,
can be calculated only between 0° and 1:58 along Γ − X, as shown
in Fig. 3D. The behavior of bands 1 and 4 close to Γ are found
to be very different: For mode 4, the Q-matching condition is
satisﬁed close to Γ (around 0:58 ) and Λth is almost constant near
Γ; however, the Q-matching for mode 1 is reached far from Γ,
resulting in an almost linear increase in Λth at small angles. Fig. 3E
presents the total enhancement factor, Λexp , of both bands
extracted from experimental results in Fig. 3B (Materials and
Methods). Whereas Λexp of band 4 remains almost constant
near Γ and drops to 0 when the resonance falls out of the
spectrometer range, Λexp of band 1 increases with angle before
reaching its maximum of 6:3 × 103 around 38 . These experimental
observations agree fairly well with the theoretical predictions in
Fig. 3D, particularly if comparing the theoretical prediction of the
maximum enhancement for band 1 (6:2 × 103 ; Materials and
Methods) with experiments. For both bands, the comparison of
Λth in Fig. 3D and Λexp in Fig. 3E within the angle range of 0–1:58
shows good agreement not only in trends but in values (e.g., for
band 4 at Γ, Λth = 3 × 103 compared with Λexp = 2:8 × 103 , as shown
in Table 1).
Effects of Enhancement Mechanisms on Reducing Lasing
Threshold
These two enhancement mechanisms also enable the lasing of a
100-nm thin layer of dilute R6G solution with reduced threshold
intensity by an order of magnitude compared with previously
demonstrated laser cavities with the same gain medium (22–25).
We attribute the reduced threshold to three reasons: (i) high
Q-factors of the special Fano resonances, (ii) substantially enhanced absorption of the pump by only a 100-nm thin layer of
the diluted molecules enabled by the excitation enhancement ΛC ,
and (iii) enhanced spontaneous emission factor β for the lasing
mode due to enhanced SDOS. These ﬁndings are consistent with
previous conclusions that the threshold of such a lasing system of
organic molecules is inversely proportional to Q and β.
The lasing experiment was carried out using the same setup
as the ﬂuorescence measurements, other than replacing the CW
pump with the 532-nm second harmonic of a 5-ns collimated
neodymium/yttrium aluminum garnet (Nd:YAG)-pulsed laser at
a repetition rate of 10 Hz. Narrow emission lines were observed at
λ4L ≈ 580 nm ﬁrst and then at λ1L ≈ 575 nm, both well within the
R6G’s emission spectrum. At λ4L , Q4 = 8:3 × 103 was retrieved
Table 1. Comparison of the enhancement factors for band 4 at Γ
Approach

ΛC

ΛT

Λ

Theoretical prediction
Experimental results

60
80

50
35

3 × 103
2:8 × 103

For mode 4 at Γ, the results of excitation enhancement (ΛC ), extraction
enhancement (ΛT ), and total enhancement (Λ) from theoretical prediction
through the model presented in the main text are compared with the results
extracted from experiments and show good agreement with each other.
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Fig. 4. Low-threshold lasing of a 100-nm thin layer of R6G molecules in
solution. Input–output energy characteristics of lasing through mode 4 (580
nm) under pulsed excitation are shown. The solid lines are analytical predictions from our lasing model, whereas the green circles are energies
measured (Meas.) with a power meter. Red circles are measurement results
using the spectrometer multiplied by an arbitrary constant for the simplicity
of comparison. The jump in output power clearly indicates the onset of
lasing. (Lower Inset) Same results in linear scale, where the output grows
linearly with the pump energy beyond threshold. (Upper Inset) Measured
spectrum of emission from the PhC slab at normal direction when pumped
below (blue) and above (red) the lasing threshold. Single-mode lasing is
attained at approximately 9 × 103 nJ=cm2 (corresponding to an intensity of
1:8 kW=cm2 ).

from results of Lee et al. (21). The emission spectra of the
molecules when pumped below (blue) and above (red) threshold
are shown in Fig. 4 (Upper Inset). Plugging the rates of electronic
transitions in R6G and parameters of the PhC cavity into the
CMT laser model (47), the pulse energy input–output curve is
plotted against the measured data in Fig. 4. The jump in the log–
log plot clearly indicates the onset of lasing. The same result in
linear scale is shown in Fig. 4 (Lower Inset), where the output
energy grows linearly with the pump energy beyond threshold.
The theoretical predictions of both threshold and slope efﬁciency match reasonably well with the experimental results
within experimental errors. In particular, the measured threshold
energy is 9 × 103 nJ=cm2 (intensity of 1:8 kW=cm2 ), an order of
magnitude lower than previously demonstrated laser cavities with
the gain medium (22–25). We attribute this low lasing threshold
of R6G to the two enhancement mechanisms: (i) the excitation
enhancement, ΛC ≈ 60, which enables 12.7% absorption of the
pump energy within only a 100-nm thin layer of the dye solution,
and (ii) the rate of spontaneous emission into the lasing mode in
such a structure, which is proportional to Sðk L ; ωL Þ and is enhanced over that in free space, yielding a higher value of β.
This reduced threshold could be interesting with respect to
using organic molecules toward a monolithic (no dye circulation)
laser source covering the UV, visible, and near-IR spectrum range,
much of which is inaccessible by inorganic-based lasers. Also, lasers
with organic polymers have been shown to be sensitive analyte
sensors when operated around their thresholds (48); the ability
to reach the threshold with a very small amount of molecules, as
in our case, could signiﬁcantly improve the sensitivity.
Conclusion and Summary
In summary, we present and study a unique optoﬂuidic platform
that enables strongly enhanced light interaction with organic
molecules due to the macroscopic Fano resonances in the nanostructured cavity. We experimentally demonstrated dramatic spectral and angular redistribution of ﬂuorescence from molecules
coupled to the special Fano resonances supported by the PhC.
The theoretical framework of the system was developed to explain and calculate the enhancement mechanisms, showing good
agreement with experiments. We found that to maximize the
Zhen et al.

overall emission enhancements, Q-matching requirements need
to be satisﬁed not only for the pump mode but for the ﬂuorescence mode. Furthermore, we report lasing of a 100-nm thin layer
of diluted organic dye molecule solution with a threshold that is
an order of magnitude lower than any previously demonstrated
laser systems using similar molecules. The reduction of the lasing
threshold was further explained by these enhancement mechanisms. This lasing experiment highlights the novelty of this system whereby organic molecules or colloidal nanoparticles can be
simply introduced and interact with resonances of a macroscopic
nanostructured cavity anywhere along its surface. These results
present exciting opportunities in optical molecular sensing
and surface light-emitting devices due to the ability of simply
introducing matter to the surface, the delocalized nature
of the resonance modes, and the enhancement mechanisms
presented in the system. Finally, we should point out that these
results are proofs of concept only. In fact, lower lasing thresholds
and higher ﬂuorescence enhancements can be achieved by
optimizing the structure using the theoretical model developed
in this paper. Meanwhile, our results also suggest exciting new
opportunities in optical molecular sensing due to the macroscopic nature of the active mode volume and the enhancement
mechanisms.
Materials and Methods
Obtaining Different Q’s from CMT. To make it simpler to keep track of the
various Q’s that appear in this paper, we ﬁrst summarize and label them
with detailed explanations in Table 2. The processes to obtain different Q’s
can be summarized as follows. First, we conducted angle-resolved reﬂectivity measurement of the PhC immersed in methanol without R6G molecules. Second, we modeled the whole system from the perspective of CMT. In
this CMT model, we excited the system with an incident source propagating
from the top and impinging onto the Si3 N4 layer resonant cavity. From the
ﬁrst-order perturbation to Maxwell’s equation, energy conservation considerations, and neglect of any higher order effects, we came up with
a semianalytical model that predicts the reﬂectivity of the PhC with the
parameters of the resonances as variables, including the central frequency
positions and the values of all different Q’s. Finally, we ﬁt the experimental
results to the semianalytical model and obtained all the information about
the resonances, including different Q’s, and used them as the input of the
current study. Details are provided by Lee et al. (21).
Experimental Setup. The ﬂuorescence spectrum was collected using a spectrometer with resolution of 0.03 nm (HR4000; Ocean Optics) aligned close to
the normal direction, because we were mainly interested in the special Fano
resonance with k near Γ. By tuning the position of the spectrometer with an
xyz stage, we were able to detect ﬂuorescence into different emission angles
along Γ − X and Γ − M directions.
Excitation Enhancement from Experimental Results, Λexp
C . For wavelengths
away from the three resonances at Γ, under off-resonance coupling, most of
the emission comes from the absorption in the dch = 2-μm thick bulk layer.
For on-resonance coupling, the majority (over 80%) of the absorption happens
P
within the evanescent tail of the pump resonance mode, although deff
 dch .
P
for on-resonance coupling can be calculated from the
The absorption in deff

Table 2. Summary of all the Q’s
Quality factors

Pump mode
P

Fluorescence mode

Total
Nonradiative

Q
QPnr

QF
QFnr

Radiative through the top

QPr

QFr

Total radiative

QP;tot
r

QF;tot
r

For each resonance, total Q’s ðQP ; QF Þ represent the line width; nonradiative Q’s ðQPnr ; QFnr Þ are generated due to material absorption, scattering from
imperfections in fabrication, and inhomogeneous broadening; radiative Q’s
through the top ðQPr ; QFr Þ account only for the leakage toward the top surface of the PhC that participates in the pumping and ﬂuorescing processes;
and total radiative Q’s ðQP;tot
; QF;tot
Þ account for all radiative channels and
r
r
can be calculated from FDTD simulations.
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Model
Meas. (spectrum)
Meas. (power)

100

difference of ﬂuorescence signal between on- and off-resonance coupling,
Ion − Ioff , whereas that for off-resonance coupling can be calculated from the
P
=dch Þ. The effective length of the evanescent tail of
thickness ratio, Ioff × ðdeff
P
the pump resonance mode in the molecule layer, deff
, is deﬁned similar to
F
P
F
. From FDTD calculation, we get deff
≈ 100 nm, which is similar to deff
.
deff
From Fig. 2, for frequencies away from the three resonances at Γ, the typical
number for Ion (blue line) was chosen to be 200 and Ioff−res (red line) was
chosen to be 40; therefore, we get Λexp
C = 80.

input aperture of the spectrometer corresponds to an acceptance angle of
18 , Fig. 3C is averaged over the same range, resulting in Fig. 3D. Accordingly,
the range of angles with theoretical prediction is limited within 1:58 from
normal. Λexp was deﬁned as the ratio between the ﬂuorescence signal
F
from the evanescent tail of the ﬂuorescence mode deff
for the case of onon

I
resonance coupling and that for an unpatterned substrate, Λexp = Islab × ðd
F

eff

The maximum of total enhancement can be approximated under Q-matching
λ
and QFnr . Taking QFnr = 104 (21), one can get Λth
between QF;tot
r
T ≈ nπd F
F

Theoretical Prediction of Excitation Enhancement, Λth
C . The absorption in the
evanescent tail for on-resonance coupling was calculated by plugging all
quantities in Eq. 1. For the pump mode, QPr = 1:6 × 104 , obtained from FDTD
P
calculation; QPnr = 6; 300, obtained from reﬂection measurements; deff
= 100 nm,
obtained from the previous section; σ abs = 3:8 × 10−20 m2 , obtained from the
literature (22); N0 = 6 × 1023 m−3 ; αP = 6%, obtained from FDTD calculations;
n = 1:33 for methanol; and λP = 532 nm. Therefore, QPabs = λP σ 2πnN αP = 1:1 × 104 .
abs

.

=dch Þ

eff

αF ðQFnr Þ2
8

=

= 60, the maximum value of Λ of band 1 can be
104. Combining with
approximated to be 6:24 × 103 , which agrees well with the maximum value
of Λexp ð6:3 × 103 Þ in Fig. 3E. In Table 1, we also present a comparison of
the enhancements for band 4 at Γ between our theoretical prediction and
experimental results.
Λth
C

th

0

P res

Total Enhancement Factors, Λth and Λexp . The total enhancement for modes 1
and 4 was calculated using Eq. 4. Here, αF for both mode 1 and mode 4
th
is ∼6%. Λth is the product of Λth
T , and ΛC = 60. Nonaveraged results are
shown in Fig. 3C for angles within 28 from Γ, consistent with the range
where QF can be ﬁtted (21). For comparison with experiments, where the
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≈ 12:7%, meaning the absorption in the 100-nm evanescent
From Eq. 1, Pabs
in
tail of the pump resonance is about 12.7% for on-resonance coupling. Also,
P

2λ
from Eq. 1, Λth
C = πnd P

eff

αP ðQP Þ2
QPr

≈ 60. Note that the factor QPr is different from the

Þ: QPr only accounts for leakage of
total radiative Q of the pump mode ðQP;tot
r
the resonance that can be coupled to the pump. Here, only leakage through
the top surface is taken into account.
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