
HAL Id: hal-04806965
https://hal.science/hal-04806965v1

Submitted on 27 Nov 2024

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Unleashing Giant Förster Resonance Energy Transfer by
Bound State in the Continuum

Zhiyi Yuan, Ningyuan Nie, Yuhao Wang, Thi Thu Ha Do, Vytautas Valuckas,
Christian Seassal, Yu-Cheng Chen, Hai Son Nguyen, Son Tung Ha, Cuong Dang

To cite this version:
Zhiyi Yuan, Ningyuan Nie, Yuhao Wang, Thi Thu Ha Do, Vytautas Valuckas, et al.. Unleashing Gi-
ant Förster Resonance Energy Transfer by Bound State in the Continuum. Nano Letters, In press,
⟨10.1021/acs.nanolett.4c04511⟩. ⟨hal-04806965⟩

https://hal.science/hal-04806965v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


 

 

Unleashing Giant Förster Resonance Energy Transfer by Bound State in 

The Continuum 

 

Zhiyi Yuan1,2,3, Ningyuan Nie1, Yuhao Wang1, Thi Thu Ha Do3, Vytautas Valuckas3, Christian 

Seassal4, Yu-Cheng Chen1, Hai Son Nguyen4,5, Son Tung Ha3, *, Cuong Dang1,2 * 

1 Centre for OptoElectronics and Biophotonics (COEB), School of Electrical and Electronic 

Engineering, Nanyang Technological University, Singapore 639798 
2 CNRS-International-NTU-Thales Research Alliance (CINTRA), IRL 3288, Singapore 

637553 
3 Institute of Materials Research and Engineering, Agency for Science Technology and 

Research (A*STAR), 2 Fusionopolis Way, Singapore 138634 
4 Univ Lyon, Ecole Centrale de Lyon, CNRS, INSA Lyon, Universite Claude Bernard Lyon 1, 

CPE Lyon, CNRS, INL, UMR5270, 69130 Ecully, France 
5 Institut Universitaire de France (IUF), F-75231 Paris, France 
*Corresponding authors: Son Tung Ha: ha_son_tung@imre.a-star.edu.sg & Cuong Dang: 

hcdang@ntu.edu.sg  

 

Abstract: Förster resonance energy transfer (FRET), driven by dipole-dipole interactions 

(DDIs), is widely utilized in chemistry, biology, and nanophotonics. However, conventional 

FRET is ineffective at donor-acceptor distances exceeding 10 nm, and measurements suffer 

from low signal-to-noise ratios. In this study, we demonstrate significant FRET enhancement 

and extended interaction distances under ambient conditions by utilizing a bound state in the 

continuum (BIC) mode within a dielectric metasurface cavity. This enhancement is achieved 

by leveraging the ultrahigh quality factors, minimal material absorption, and non-local effects 

associated with the BIC mode. Spectrally and angularly resolved photoluminescence (PL) 

lifetime measurements reveal that the BIC mode significantly increases FRET rate and 

interaction distance. The FRET rate is enhanced by up to 70-fold, and the interaction distance 

is significantly boosted by over an order of magnitude, reaching ~100 nm. These findings offer 

valuable insights for achieving long-range, high-efficiency FRET and collective DDIs using 

loss-less dielectric metasurfaces. 

 

Keywords: Förster resonance energy transfer (FRET), bound state in the continuum, Titanium 

dioxide, Purcell effect, dipole-dipole interaction, dielectric metasurface.  

 

Dipole-dipole interactions (DDIs) are fundamental to light-matter interaction, playing a 

crucial role in phenomena such as Lamb shifts,1 Van der Waals forces,2 and Förster resonance 

energy transfer (FRET).3 Recently, DDIs have emerged as an efficient approach for enabling 

long-range energy transfer,4 collective superradiance and subradiance,5 and the realization of 

superconducting qubits in circuit quantum electrodynamic (QED) systems.6 These interactions 

can be understood as the process of virtual photon absorption and re-emission, determined by 

the interaction distance and coupling strength.3 

    Enabled by DDIs, FRET has been essential in fluorescence applications, including 
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biosensing,7, 8 light harvesting,9, 10 DNA analysis,11 and optical imaging.12 The widespread use 

of FRET stems from its optimal energy transfer distances, typically corresponding to the size 

of a protein or the thickness of a membrane, making it a gold standard in biomedical research.13 

Inherited from the DDI nature, FRET is a near-field phenomenon whose strength and length 

can be enhanced by modifying either molecular properties or the surrounding electromagnetic 

environment. For instance, one can improve the energy transfer efficiency by optimizing the 

orientation of the donor and acceptor molecules.14 On the electromagnetic environment front, 

several approaches have been proposed to enhance energy transfer efficiency and interaction 

distance: (1) employing optical microcavities such as the Fabry-Perot cavity and Whispering-

gallery mode cavities to confine photons;15-23 (2) ultilizing nanoplasmonic systems to further 

confine light within the subwavelength regime (i.e., ultrasmall mode volume), significantly 

boosting the photonic local density of the state (LDOS);24-26 and (3) leveraging plasmonic 

nanoparticle lattice, which offers a high Q-factor, and large spatial coherence due to the 

hybridization between the localized surface plasmon resonances (LSPR) with in-plane 

diffraction orders.27-29 

It is important to note that the above approaches can also be employed to enhance 

spontaneous emission, as the LDOS can be increased by the micro-nanocavities or plasmonic 

lattice via Purcell effect. However, there is an ongoing debate about whether the FRET rate or 

efficiency can be improved solely by enhancing the LDOS within these cavities.16 Interestingly, 

some studies suggest that FRET efficiency may not benefit from microcavity-induced LDOS 

enhancement.16, 17 This is because the energy transfer process is primarily governed by the 

electromagnetic field generated by donor molecules at the position of acceptor molecules.27 In 

addition, spontaneous emission from the donor serves as a competing pathway, which can 

further reduce FRET efficiency. Therefore, achieving high FRET efficiency and extended 

interaction distance requires not only effective light confinement (i.e., high Q-factor) but also 

a moderate Purcell factor. 

The concept of bound-state in-the continuum (BIC) has recently emerged as a promising 

platform for various optoelectronic applications such as low-threshold lasing,30-32 nonlinear 

optics,33-35 Bose-Einstein condensation,36-39, optical trapping and biosensing.40-42 Theoretically, 

photons can be indefinitely trapped inside a BIC cavity (i.e., Q → ∞) because the BIC states 

are completely decoupled from the radiation continuum. Moreover, the ultrahigh-Q of 

symmetry-protected BICs is extremely robust against fabrication imperfections as long as the 

overall symmetry is preserved. Compared to traditional micro-nanocavities, BIC cavities made 

of loss-less dielectric materials offer several advantages for improving FRET efficiency and 

interaction distance. These advantages include ultrahigh-Q factors, ultralow material 

absorption (in contrast to metallic plasmonic and surface plasmon lattice cavities), and larger 

mode volumes due to the non-local effect (resulting in smaller Purcell factor).  

In this work, we demonstrate remarkable FRET enhancement and long-range interaction 

distance by leveraging the BIC concept in a loss-less dielectric metasurface at ambient 

conditions (Fig. 1a). By utilizing a specialized back focal plane (BFP) microspectrometer, we 

study both angle-resolved and spectral-resolved photoluminescence (PL) lifetimes of dye 

molecules in the FRET system. We observed that PL lifetime was reduced in both BIC (i.e., 

dark mode) and bright modes owing to the Purcell effect within the metasurface. Intriguingly, 

both the FRET efficiency and the interaction distance were significantly enhanced in the BIC 



 

 

mode near normal incidence (i.e., quasi-BIC). Our findings strongly indicate that BIC cavities 

are highly suitable for boosting FRET and collective DDIs, paving the way for further 

applications in FRET biomolecular sensing and imaging, as well as long-range qubit 

interactions in circuit QED. 

 

Fig. 1a shows how donor-acceptor pairs interact with a Bound State in the Continuum (BIC) 

cavity. This cavity is created by a sub-diffractive square array of dielectric resonators. The 

system's symmetrical design causes destructive interference among all resonators, resulting in 

the formation of the BIC when light incident the array at a normal angle. At BIC resonance, 

spontaneous emission from donor molecules is suppressed, while the energy transfer from 

donor to acceptor molecules is significantly enhanced. Rhodamine 6G (R6G) and Nile Red 

(NR) are chosen to be the donor and acceptor, respectively in our study because of the well-

overlapping between R6G’s emission and NR’s absorption spectra (Fig. S1) which facilitating 

efficient FRET between them. The BIC cavity is constructed from a 50 × 50 µm2 square array 

of titanium dioxide (TiO2) nanoholes, as shown in the scanning electron microscope (SEM) 

image in Fig. 1b. The nanofabrication process is described in detail in the Methods section and 

Fig. S2. The nanostructures are made from TiO2, a material with a relatively high refractive 

index (n ~2.4 at ~560 nm) and minimal loss in the visible wavelength range. These properties 

make TiO2 an ideal choice for high-Q metasurfaces, which have been shown to support BIC 

modes arising from various sources, including vertical magnetic dipoles (MDz), electric 

quadrupoles (EQ), and so on. Here we select the fundamental BIC mode (i.e., MDz) to couple 

with the dye solution as it has good spatially and spectrally overlap with R6G. The top panel 

of Fig. 1c shows the circulating electrical field distribution in a unit cell of nanohole structure, 

indicating the vertical magnetic dipole nature of the BIC mode.  

In FRET, the excess energy due to the relaxation of the donor emitter to a lower energy 

state is transferred to the acceptor emitter. In homogeneous environments, FRET scales as R-6, 

where R is the distance between donor and acceptor, typically limited to less than ten 

nanometers. The energy transfer rate is proportional to 
2

( , )A D A Dn G r r n , where 
Dn  and 

An  

are the unit orientation vectors of the donor and acceptor dipoles, respectively; ( , )D AG r r  

represents the dyadic Green’s function at the acceptor position, rA, induced by the donor at 

position rD. In Finite Element Method simulation, we use an electric dipole to model a donor 

molecule in the TiO2 nanostructure and calculate its radiation power 
*Im{ ( )}

2
D D DP


= E r  

by integrating the Poynting flux over a far-field surface.43 The Purcell factor for the donor can 

be defined as P/P0, where P0 is the reference radiation power. By calculating the dyadic Green’s 

function using a point probe at various distance (𝒓𝐴) to the dipole source, we can simulate the 

energy transfer rate from donor to acceptor27 as 

2
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 = =  n E rE r  ,3 where 
A   is absorption 

cross section, and 
0( )n   is the refractive index. When the donor dipole is positioned at the 



 

 

edge of the nanohole, the dipole-generated electric field extends across the entire array, 

resulting in the same order of ( )D DE r  and ( )ADE r (Fig. S3). By simultaneously scanning the 

position of the donor and acceptor, the distribution of the Purcell factor and FRET efficiency 

enhancement can be mapped, as shown in the middle and bottom panels of Fig. 1c, respectively. 

It is noted that these results are averaged from different z planes (see Fig. S4 for details). 
According to the simulation results, after considering the different z locations and different 

donor dipole directions (x, y, and z), the average Purcell factor 
,

( , ) /p p
x y

F F x y S=   and FRET 

rate enhancement 
,

( , ) /ET ET
x y

x y S =   are calculated to be 30 and 2.7×106, respectively. 

The Purcell factor is significantly smaller than the FRET rate enhancement because the FRET 

rate without the cavity decreases rapidly as the distance between the donor and acceptor 

increases ( )
6

0 0 0 DAP R R = , while dipole energy dissipation rate P and FRET rate Γ maintain 

the same order of magnitude. Futhermore, Figs. 1d and 1e show the simulated wavelength-

momentum dispersion and Q-factors-momentum dispersion of the BIC and bright modes. As 

moving away from the Γ point (i.e., normal incidence), the Q-factor decreases rapidly, 

indicating the symmetry-protected nature of the BIC.  

We then conducted optical characterizations using a home-built BFP microspectrometer, 

as illustrated in Fig. 2a and in the Methods section. Fig. 2b shows the simulated angle-resolved 

absorption spectra of the TiO2 nanohole array with thickness t = 342 nm, hole diameter D = 

300 nm, and periodicity a = 320 nm using rigorous coupled wave analysis (RCWA) in 

Lumerical software. The simulated spectrum agrees well with the measured angle-resolved 

reflection spectra in Fig. 2c, where the symmetry-protected BIC resonance occurs around 564 

nm at normal incidence (θ = 0°), indicated by the vanishing reflectance signal. Fig. 2d shows 

the angle-resolved PL spectra of the donor emitter without the presence of the acceptor in TiO2 

nanohole array, indicating good coupling with the photonic resonance modes. Both the bright 

mode and BIC mode exhibit significant PL enhancement, due to the Purcell and outcoupling 

effects with the exception at normal incidence in the BIC case due to the symmetry-protected 

nature.  

 To better discriminate the PL lifetime in each photonic mode, we add a movable pinhole at 

the BFP to collect the PL signal within a narrow angle range (Δθ ~ 1°). Fig. 2e presents the 

stitched PL spectra measured with different pinhole positions, showing a good agreement with 

the result without the pinhole as shown in the white dashed line box in Fig. 2d. The reflection 

and PL spectra for angles from 0° to 5° are shown in Fig. S5, where the bright mode exhibits a 

blue shift with increasing angle, while the BIC mode undergoes a redshift. Time-resolved PL 

measurements confirm that the exciton decay rate of the donor is enhanced by the photonic 

modes compared to the case without nanostructures (Fig. 2f). Given that the organic dye 

solution (~ 10 μm thick) is much thicker than the TiO2 nanohole array (~ 342 nm), the PL signal 

from the uncoupled background emitters significantly contributes to the collected signals. To 

accurately analyze the PL lifetime associated with the photonic modes, we exploited a bi-

exponential decay function to fit and analyze the PL lifetime for the on-resonance cases 

(resonance wavelength and angle) while using the single-exponential decay function for the 



 

 

off-resonance cases (Fig. S6 and Table S1).The t2 value in the bi-exponential decay is 

comparable to the t1 value in the single-exponential decay, indicating that both arise from the 

uncoupled background PL. Consequently, a map of PL lifetime as a function of wavelength 

and angle can be obtained, as shown in Fig. 2g. The off-resonance PL also shows a slight 

increase in exciton decay rate, likely due to the TiO2 structure which can accelerate the 

spontaneous emission rate of the emitters.44  

 We now study the FRET rate enhancement by characterizing the PL lifetime of the donor 

emitters with the presence of the acceptor molecules using the same BFP technique described 

above. The FRET rate can be written as 1/ 1/ET DA D  = −  , where τDA and τD are the PL 

lifetime of donor emitters with and without acceptor, respectively. As shown in Fig. 3a, the 

maximum FRET rate enhancement reaches 63.8 near the normal incidence of the BIC mode 

(quasi-BIC), while the bright mode has almost no obvious FRET rate enhancements. 

Futhermore, we characterized the FRET rate for the donor-acceptor pairs coupled with BIC 

mode and on a blank substrate at various donor-acceptor distances, as illustrated in Fig. 3b. The 

donor-acceptor distances (i.e., mean N-N separation between the donor−acceptor pairs in the 

solution) were varied by changing the concentration of donor/acceptor and can be estimated as

31/ 2DAR C= ,45 where C is the concentration of donor and acceptor. Without coupling to a 

photonic mode, the FRET rate decreases rapidly as the donor-acceptor distance increases, 

approaching zero when the distance exceeds 10 nm, in good agreement with the reports in the 

literature.13 In contrast, when the donor-acceptor pairs are coupled with the BIC mode, the 

FRET rate decreases much more slowly with distance, resulting in a detectable FRET rate even 

at a donor-acceptor distance of 100 nm. FRET rate enhancements at different donor-acceptor 

distances for BIC resonance are plotted in Fig. 3c, where the FRET rate enhancement remains 

around 20 times even at a 100 nm donor-acceptor distance. To elucidate the mechanism of 

extended FRET distance, we present Figs. S7 and S8, which depict the distribution of the FRET 

rate when the donor dipole is positioned at the edge of the nanohole (showing strong spatial 

overlap with the MDz BIC mode) and at the center of the nanohole (showing weak spatial 

overlap with the MDz BIC mode). In Figure S7, when the donor dipole is situated at the location 

of the maximum electric field in the MDz BIC mode, its generated electric field can extend to 

other nanoholes due to the nonlocal nature of the BIC mode. Furthermore, even when the donor 

is placed at the nanohole center, the electric field can still partially extend to other nanoholes 

(Fig. S8). Consequently, the dipole-dipole interaction distance is significantly increased. In 

addition, FRET efficiency (ΦF), another essential parameter to characterize FRET, can be 

calculated as 
1 /F DA D  = −

. Fig. S9 shows the FRET efficiency enhancement mapping and 

estimated donor-acceptor distance dependence of the FRET efficiency, with the maximum 

FRET efficiency enhancement reaching 18.8. 

To better understand the underlying mechanism of BIC-coupled FRET, we first investigate 

the Purcell factor and FRET rate enhancement by varying the wavelength and momentum while 

maintaining a moderate distance of 20 nm between donor and acceptor as shown in Fig. 4a. 

The resulting Purcell factor and FRET rate enhancement maps are presented in Figs. 4b and 4c, 

respectively. These results agree well with the simulation shown in Fig. 1d, indicating that the 



 

 

BIC mode is responsible for the FRET rate and Purcell enhancement. It is noted that, for the 

Purcell factor, the maximum value occurs at a small angle rather than the normal incidence (k 

= 0) because light can not couple to the BIC mode at this angle. In contrast, the FRET rate 

enhancement reaches the maximum at the normal incident angle and decays as the angle 

(momentum) increases, which can be attributed to the reduction in the Q-factor of the BIC 

mode. Additionally, the simulations of the Purcell factor and FRET rate enhancement for the 

bright mode, presented in Fig. S10, reveal that while the Purcell factor is higher in the bright 

mode, the FRET rate enhancement is relatively low. These simulation results agree well with 

the experimental observation shown in Fig. 3a, indicating that the BIC mode, rather than the 

bright mode, is essential in enhancing FRET efficiency. 

Finally, we simulate the FRET rate enhancements by varying the donor-acceptor distance. 

In these simulations, the donor and acceptor molecules are positioned at the same x and y  

coordinates but are separated along z-direction with a distance R (Fig. 4d). As illustrated in Fig. 

4e for the blank substrate case (black curve), the FRET rate decreases as the scale of 1/R6, 

which is consistent with theoretical expectations for FRET. Notably, the BIC mode exhibits a 

significantly higher FRET rate enhancement compared to both the substrate and the bright 

mode. This finding is corroborated by the experimental results shown in Fig. 3a, where the BIC 

mode has higher FRET rate enhancement than the bright mode. A particularly important 

observation is that the FRET rate in BIC mode decays extremely slowly at donor-acceptor 

distances below 200 nm. This result explains why a detectable FRET rate persists even at a 100 

nm distance in our experiments as shown in Fig.3b. Fig. 4f further illustrates that FRET rate 

enhancement in the BIC mode reaches its maximum at a donor-acceptor distance of around 

100 nm. Additionally, we also simulate the FRET rate when donor and acceptor molecules are 

separated in the xy-plane but positioned at the same z-coordinate (Fig. S11). In this scenario, 

the FRET rate enhancement peaks at around 70 nm separation distance. These results slightly 

differ from our experimental observation of ~ 30 nm shown in Fig. 3c, likely due to the 

experimental FRET rates on the substrate being overestimated compared to the theoretical 

calculation (Fig. S12).  

 

In summary, we demonstrate a remarkable FRET rate enhancement and long-range dipole-

dipole interaction in a mixed dye solution by coupling with a BIC mode in a dielectric 

metasurface cavity. Spectrally and angularly resolved PL lifetime studies reveal that the BIC 

mode significantly outperforms the bright mode in FRET rate enhancement (i.e., up to 70 times 

compared to off-resonance case), despite having only a moderate Purcell factor. Furthermore, 

we discovered that the FRET distance between donor and acceptor molecules in aqueous 

solution can be boosted more than 10 times (up to 100 nm) in our experiments and over 30 

times (up to 300 nm) in our simulations. We anticipate that these enhanced and long-range 

interactions could serve not only as a powerful tool for studying biomolecular interactions and 

advancing biomedical imaging but also as a novel platform for quantum entanglement and 

long-range qubit interactions in circuit QED systems. 
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Dye spectrum, details of sample fabrication, details of COMSOL calculation for FRET in BIC 

mode,details of COMSOL calculation for FRET in bright mode, details of time-resolved PL 

analysis, details of experimental FRET efficiency enhancement. 

 

Methods 

Numerical simulation 

Simulations were carried out using the Finite Element Method (Comsol Multiphysics) and 

Rigorous Coupled Wave Analysis (RCWA) in the Lumerical. Bloch boundary conditions are 

applied to the unit cell in the lateral directions. The refractive index of substrate was selected 

as 1.46, corresponding to the quartz substrate. Meanwhile, the refractive index of the 

surrounding medium was chosen as 1.427, corresponding to Methanol: DMSO solution with 

volume ratio of 1:2 in the experiments. 

 

Fabrication of dielectric nanostructures 

We deposited a titanium dioxide (TiO2) film with 340 nm thickness on a quartz substance by 

using ion-assisted deposition (IAD, Oxford Optofab300). Following this, we deposited a 30 

nm chromium (Cr) film as a hard mask via electron-beam evaporation (Angstrom EvoVac). 

Then, we spin-coated hydrogen silsesquioxane (HSQ) as a negative electron-beam resist on the 

TiO2/Cr/quartz sample (2 × 2 cm²) at 5000 rpm for 60 seconds and then baked on a hotplate at 

180 °C for 3 minutes. Subsequently, we patterned the HSQ using electron beam lithography 

(EBL, Elionix ELS 7000), and used a mixture of 1 wt.% NaOH and 4 wt.% NaCl in deionized 

water to develop the sample in 4 minutes, followed by a rinse with deionized (DI) water. After 

the inductively coupled plasma reactive ion etching (ICP-RIE, Oxford Plasmalab 100) with a 

gas mixture of Cl₂ at 15 sccm and O₂, maintained at 10 mTorr and 7 °C, the EBL-written 

patterns was transferred to the Cr layer. Subsequently, the patterns on the Cr layer were etched 

into the TiO2 layer by using CHF₃ gas in the same ICP-RIE system, operating at 19 sccm, 27 

mTorr, and 20 °C. Lastly, we used the chromium etchant (Merck) solution to remove the 

remaining Cr, which was rinsed with DI water and blow-dried with nitrogen gas. 

 

Dye solution preparation 

Rhodamine 6G and Nile Red were purchased from Sigma-Aldrich (Product IDs #R4127 and 

#72485, respectively). The dye molecule solutions are prepared in methanol and DMSO with 

a volume ratio of 1:2. These stock solutions have a donor and acceptor dye concentration (C) 

of 1 mM. The average donor-acceptor distance can be estimated as 5.9 nm. We can increase 

the donor-acceptor distance by diluting the stock dye solution. In particular, the donor-acceptor 

distances can be adjusted to 10 nm, 13 nm, 22 nm, 34 nm, 43 nm, 60 nm, and 100 nm, by 

diluting the stock solution with the factors of 5, 10, 50, 200, 400, 1000, and 5000, respectively. 

 

Optical characterizations 

Optical characterizations were performed with a home-built microspectrometer. The setup 

consists of an inverted optical microscope (Nikon Ti-U), a spectrometer (Andor SR-303i), and 

an electron-multiplying charge-coupled detector (EMCCD, Andor Newton 971). To measure 

reflectance, the white light was guided in the microscope system to excite the sample surface 

by using a 20× objective (NA = 0.4). The same objective collected the reflected light and 



 

 

directed it through lenses and a polarizer, which focused the objective's back focal plane (BFP) 

onto the spectrometer's entrance slit. The slit width was adjusted to 100 μm to isolate a narrow 

portion of the BFP image, capturing light reflected from the sample specifically in the yz-plane. 

A grating with 150 lines/mm was employed to disperse the light by wavelength. Then, the CCD 

within the spectrometer provides the reflection spectra, resolved by wavelength and reflection 

angle in the two-dimensional yz-plane. 

For photoluminescence (PL) measurements, excitation light from a supercontinuum laser 

(NKT SuperK) at λ = 488 nm (pulse width = ~ 7ps, repetition rate = 80 MHz) was focused onto 

the sample through a 10× objective (NA = 0.3). Following, PL emitted by the sample was 

received by a 20× objective (NA = 0.4). In both reflection and PL measurements, collected 

signals were passed through a long-pass filter and a linear polarizer (for s-polarization). For PL 

lifetime measurements,  the avalanche photodiode (APD) (Excelitas Technologies) collected 

the PL signal after passing through the small pinhole at BFP and the narrow slit behind the 

grating. 
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Figure 1. (a) The schematic of the FRET enhancement in mixed-dyes solution by TiO2 

nanohole array supporting bound-state in-the continuum (BIC). (b) Scanning electron 

microscope (SEM) images of the top view (upper panel) and 30° tilted view (lower panel) of 

the fabricated TiO2 nanohole array. Scale bars are 300 nm. (c) Electric-field distribution (top), 

in-plane dipole Purcell factor distribution (middle), and in-plane dipole FRET efficiency (ΦF) 

enhancement distribution (bottom) at the BIC frequency in the nanohole array. The Purcell 

factor and FRET efficiency enhancement out of nanohole are set to 0 because the dipoles can 

only exist within the nanohole. (d) Simulated wavelength-momentum dispersion of BIC mode 

(dark mode) and bright mode for s-polarization. (e) Simulated Q-factors-momentum dispersion 

of the modes in (d). 

 

  



 

 

 

Figure 2. (a) Schematic of the spectrally resolved back focal plane (BFP) microspectrometer 

setup used for optical characterizations. BS: beam-splitter, LP: long-pass filter, Spectro: 

spectrometer. (b) Simulated angle-resolved absorption spectra of the designed TiO2 nanohole 

array, showing vertical magnetic dipole BIC resonance ~ 564 nm at normal incidence (Angle 

= 0). (c) Measured angle-resolved reflectance spectra. (d) Angle-resolved PL spectra of 

organic dye coupled with the TiO2 nanohole array showing PL enhancement of the modes. (e) 

Stiched angle-resolved PL spectra after adding a movable pinhole at the BFP. In this case, the 

angle step, corresponding with the movement of the pinhole, is Δθ ~ 1°. (f) Extracted time-

resolved PL of the donor dye with and without TiO2 nanohole array. (g) Mapping of 

experimental PL lifetime versus wavelength and angle. All optical characterization data (both 

simulation and experiment) shown here are for s-polarization.  

  



 

 

 
Figure 3. (a) Dependence of measured FRET rate enhancement (i.e., the ratio between the 

FRET rate with and without TiO2 nanohole array) on wavelength and collection angle. Here, 

FRET rate is defined as ΓET = 1/τDA− 1/τD. (b) Estimated D-A distance dependence of the FRET 

rate ΓET at BIC resonance and on the substrate. FRET rates at BIC resonance were extracted 

from wavelength ~ 566nm and collection angle ~ 1°. (c) Estimated D-A distance dependence 

of the FRET rate enhancement at BIC resonance. 

 

 

  



 

 

 
Figure 4. (a) Schematic of the wavelength- and k-scan dipole-dipole simulation in b and c 

where the distance of donor and acceptor is fixed at 20 nm. (b) Simulated Purcell factor (b) 

and FRET rate enhancement (c)dependence on wavelength and k. (d) Schematic of the z-scan 

dipole-dipole simulation where positions of donor and acceptor in xy-plane are fixed. (e) D-A 

distance dependence of the FRET rate, ΓET, under the BIC mode, bright mode, and substrate. 

(f) D-A distance dependence of the FRET rate enhancement under the BIC mode and bright 

mode.  
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Fig. S1 Absorption and emission spectra from acceptor (Nile Red) and donor (R6G), 

respectively.

 

Fig. S2 Dielectric nanostructures fabrication process. 



 

Fig. S3. xy-plane view of the single y-direction dipole-generated electric field (E) at 

the hole edge (labeled as a red star) of 5×5 unit cells array with periodic boundary.

 

Fig. S4 Top view of the y-direction dipole Purcell factor and FRET rate enhancement 

distribution at the BIC frequency, at different z-axis positions. Here, we plot the Purcell 

factor and FRET rate enhancement distribution at several different z-axis. The z-

averaged Purcell factor and FRET rate enhancement distribution are plotted in the 

maintext Fig. 1c. Then, after considering the different z locations (z = 0nm, 30nm, 60nm, 

90nm, 120nm) and different donor dipole directions (x, y, and z), the averaged Purcell 

factor and FRET rate enhancement can be estimated by averaging the xy-position, z-

position, and dipole-direction inside the nanohole: 
,

( , ) /p p
x y

F F x y S=  . As such, the 

averaged Purcell factor <Fp> and FRET rate enhancement are 30 and 2.7×106 for the y-

direction dipole. 

  



 

Fig. S5 (a) Reflection spectra at different incident angles of organic dye coupled TiO2 

nanohole array. (b) PL spectra at different incident angles of organic dye coupled TiO2 

nanohole array. 

 

Fig. S6 Example time-resolved PL spectrum of organic dye coupled TiO2 nanohole 

array at resonance situation (wavelength and angle) and off-resonance situation. 



 

Fig. S7. (a-c) xy-plane view of the y-direction dipole at the hole edge (labeled as a red 

star) of 5×5 unit cells array with periodic boundary (a) FRET rate distribution in BIC 

mode. (b) FRET rate distribution in solution. (c) FRET rate enhancement distribution. 

(d-f) xz-plane view of the y-direction dipole (d) FRET rate distribution in BIC mode. 

(e) FRET rate distribution in solution. (f) FRET rate enhancement distribution. 

 

Fig. S8. (a-c) xy-plane view of the y-direction dipole at the hole center (labeled as a red 

star) of 5×5 unit cells array with periodic boundary (a) FRET rate distribution in BIC 

mode. (b) FRET rate distribution in solution. (c) FRET rate enhancement distribution. 

(d-f) xz-plane view of the y-direction dipole (d) FRET rate distribution in BIC mode. 

(e) FRET rate distribution in solution. (f) FRET rate enhancement distribution. 

  



 

Fig. S9. (a) Mapping of experimental FRET efficiency enhancement (ratio between the 

FRET rate with and without TiO2 nanohole array) versus wavelength and angle. FRET 

efficiency: ϕF = 1 − τDA /τD. (b) Estimated D-A distance dependence of the FRET 

efficiency ϕF at BIC resonance and on the substrate. FRET efficiencies at BIC resonance 

were extracted from wavelength ~ 566nm, angle ~ 1°. (c) Estimated D-A distance 

dependence of the FRET efficiency enhancement at BIC resonance. 

 

Fig. S10 (a) Mapping of simulated Purcell factor versus wavelength and k. (b) Mapping 

of simulated FRET rate enhancement versus wavelength and k. 

  



 

Fig. S11 (a) D-A distance dependence in xy-plane of the FRET rate ΓET under the BIC 

mode and substrate. (b) D-A distance dependence in xy-plane of the FRET rate 

enhancement under the BIC mode. 

 

Fig. S12 (a) D-A distance dependence of the FRET rate ΓET in the solution (substrate) 

under experiment and calculation. (b) D-A distance dependence of the FRET rate ratio 

between the calculation and experiment. 
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bi-

exponential

:  t1 

0.217 0.84 0.217 0.84 0.217 0.84 

0.237 0.87 0.237 0.87 0.237 0.87 

0.175 0.89 0.175 0.89 0.175 0.89 

0.323 1.12 0.323 1.12 0.323 1.12 

0.330 1.21 0.330 1.21 0.330 1.21 

Table S1 Representative bi-exponential decay parameters from resonance situation and 

single-exponential decay parameters from off-resonance situation. For the bi-

exponential decay, A1 and A2 are in the same order of magnitude, indicating the PL 

from resonance and background both play an important role in the signal. The t2 in bi-

exponential decay is similar to the t1 in single-exponential decay, indicating both 

originated from the uncoupled background PL. 

 


