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ABSTRACT: Controlling the light emitted by individual molecules
is instrumental to a number of advanced nanotechnologies ranging
from super-resolution bioimaging and molecular sensing to quantum
nanophotonics. Molecular emission can be tailored by modifying the
local photonic environment, for example, by precisely placing a
single molecule inside a plasmonic nanocavity with the help of DNA
origami. Here, using this scalable approach, we show that
commercial fluorophores may experience giant Purcell factors and
Lamb shifts, reaching values on par with those recently reported in
scanning tip experiments. Engineering of plasmonic modes enables
cavity-mediated fluorescence far detuned from the zero-phonon-line
(ZPL)�at detunings that are up to 2 orders of magnitude larger
than the fluorescence line width of the bare emitter and reach into the near-infrared. Our results point toward a regime where
the emission line width can become dominated by the excited-state lifetime, as required for indistinguishable photon emission,
bearing relevance to the development of nanoscale, ultrafast quantum light sources and to the quest toward single-molecule
cavity QED. In the future, this approach may also allow the design of efficient quantum emitters at infrared wavelengths,
where standard organic sources have a reduced performance.
KEYWORDS: single-molecule fluorescence spectroscopy, plasmonic nanocavities, DNA origami, single photon sources, Purcell effect,
Lamb shift

INTRODUCTION
Localized surface plasmon resonances (LSPRs) supported by
metallic nanoparticles can be used to selectively enhance the
scattering and absorption of light, allowing for the realization
of optical nanoantennas.1 When two nanoparticles, or a
nanoparticle and a metal surface, are placed in close proximity,
they can support LSPRs whose near field is tightly confined in
the separating gap, thus forming plasmonic nanocavities.2−4

Deep subwavelength field confinement in nanocavities allows
for the engineering of light−matter interactions at the single-
molecule level;5−7 in particular, a quantum emitter placed in a
nanocavity experiences a modified spontaneous emission rate,
quantified by the local density of optical states (LDOS). In this
context, a major enterprise has been to leverage the Purcell
effect to increase the radiative decay rates of various quantum
emitters coupled to plasmonic nanoantennas and nano-
cavities.8−14

For molecular emitters, which show multiple vibronic levels,
coupling to LSPRs can significantly reshape their emission

spectra when the LSPR is detuned from their zero-phonon line
(ZPL), even without reaching the strong-coupling regime. The
effect can be understood as the enhancement of decay rates for
vibronic transitions that spectrally overlap with a broad
plasmonic resonance. Previous systems employed to study
spectral reshaping include lithographically fabricated arrays
coated with emitters,15−18 plasmonic antennas immersed in
fluorophore solutions19−23 as well as nanoparticles encapsu-
lated by quantum emitters in a core−shell geometry.24−27

More recently, spectral reshaping was studied at room
temperature on single fluorophores immobilized close to the
tip of gold nanorods using DNA origami.28 The DNA-origami
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technique29 allows for the bottom-up fabrication of 3D
nanostructures29−31 with dimensions on the order of tens to
hundreds of nanometers and has found several applications in
nanophotonics32 as it enables the precise positioning of both
metallic nanoparticles and single photon emitters with
controlled orientation and stoichiometry.33−35 Some notable
examples include the enhancement of single photon
emission,36−40 surface-enhanced Raman scattering
(SERS),41−43 directing light,44−46 ultrafast phenomena,47

strong coupling,48,49 and super-resolution microscopy.50 In
ref 28, pronounced reshaping of the light emission was
demonstrated when the nanorod LSPR overlaps with the free-
space fluorophore spectrum. While most results could be
explained by the Purcell effect in the weak coupling regime
through Fermi’s Golden Rule,24 some discrepancies were
noticed28 and attributed to a possible violation of Kasha’s rule:
because of the shortened excited-state lifetime, emission might
also occur from excited vibrational sublevels.
All aforementioned studies were performed under ambient

conditions so that the natural emission line widths largely
overlapped with the plasmonic mode(s) involved in spectral
reshaping, leaving open the question of whether emission can
be induced well beyond the natural line width. Moreover, it is
valuable to independently engineer the total vs the radiative

LDOS: while the latter largely determines the reshaping
function in the weak coupling limit, the former actually
determines the change in the excited-state lifetime, with its
possible impact on emission line width. In theory, a modified
LDOS is also accompanied by a modification in the Lamb
shift51 (as they are connected to the imaginary and real part of
the dyadic Green’s function, respectively), but this effect has
remained largely elusive in the context of plasmonic antennas,
where it should however be particularly pronounced. Large
Lamb shifts have been recently evidenced in a highly
controlled environment, with a system consisting of free-base
phthalocyanine molecules evaporated on monocrystalline silver
films coated with bi- and trilayer NaCl and studied in an
ultrahigh-vacuum, cryogenic scanning tunneling micro-
scope.52,53 Such systems contrast with the need for monolithic,
solid-state (and ideally mass-producible) cavities that would
fuel scalable photonic technologies, harvesting plasmonic
LDOS control for the engineering of single emitter properties.
Here, we deterministically couple single commercial

fluorophores to gold nanodimers (NDs) using DNA origami
and study the resulting hybrid structures at cryogenic
temperatures, where the ZPL of the bare fluorophore (as
deposited on a glass slide) becomes much narrower than the
plasmonic resonances and reaches a few meV. Plasmonic NDs

Figure 1. Optical dark-field characterization of nanocavities. (a) Illustration of NDoG (left) and NDoM (right) nanocavities. Relevant
dimensions are shown, along with a blue arrow indicating the direction of white light used for polarization resolved dark-field scattering
spectroscopy. The molecular structure of the ATTO 590 dye positioned in the gap between the two nanoparticles is shown as an inset. (b)
Electron microscopy images of single NDoM nanocavities; the scalebars correspond to 100 nm. (c) Experimental dark-field spectra from
individual NDoG (left) and NDoM (right) nanocavities at room temperature (top row) compared to the results of simulations using the
geometry outlined in (a) (bottom row). Red lines correspond to p-polarized excitation, and black lines correspond to s-polarized excitation.
In both experiments and simulations, an excitation angle θ of 81° with respect to vertical and a collection NA of 0.9 is used. For simulations,
azimuthal angles (angle ϕ between the wavevector k⃗ and the dimer axis) of 90° and 10° are used for NDoG and NDoM respectively. (d)
Simulated charge density (top) and near-field distribution (bottom) for the dominant radiative NDoG mode, at the wavelength indicated by
the green dashed line in (c). (e) Simulated charge density and near-field distributions for NDoM modes, at the wavelengths indicated by the
violet and red dashed lines in (c). (d,e) shows the enhancement of the electric field amplitude |E/E0|, and the colormap is saturated to a
maximum value of 20 in (d), 30 in the upper panel in (e), and 50 in the lower panel in (e). The charge density distribution is also saturated
(both negative and positive values).

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c09829
ACS Nano 2025, 19, 3172−3184

3173

https://pubs.acs.org/doi/10.1021/acsnano.4c09829?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09829?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09829?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09829?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c09829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


have been used in a number of experimental studies due to
their directional far-field emission and giant field enhancement
achieved in the narrow gap between the nanoparticles.44,54−59

In order to obtain a highly radiative plasmonic mode in the
near-infrared (NIR) region, far detuned from the fluorophore
ZPL, we further utilize the interaction between the gold ND
and a metallic substrate to form a nanodimer-on-mirror
(NDoM) structure,60−65 whose optical properties are
compared to those of the nanodimer-on-glass (NDoG).
These experimental improvements allow us to observe well-
resolved and pronounced spectral reshaping of a single
fluorophore emission. The fluorophore is seen to feed in the
far-detuned NIR plasmonic mode of the NDoM, which does
not spectrally overlap with the bare fluorophore emission. This
NIR peak in fluorescence emission shows intensity fluctuations
that follow the blinking dynamics of the fluorophore, while its
wavelength and line width are stable over time, contrary to the
wandering nature of the ZPL and associated vibronic
shoulders.
We propose that feeding into the NIR mode of the NDoM

at low temperatures is facilitated by a combination of the giant
Purcell factor and Lamb shift. The Purcell effect leads to an
inferred luminescence lifetime of only a few tens of
femtoseconds that causes lifetime broadening of the
fluorophore emission and enhances spectral overlap with the
far-detuned NIR plasmonic mode. The Lamb shift contributes
to pronounced red shifts (tens of meV) of the ZPL emission
and works in synergy with Purcell broadening to increase the
emission into the NIR mode. While our results are generally
well reproduced by electromagnetic simulations of the
photonic LDOS,66 they also point out the need for a more
accurate theoretical description of the joint dynamics of the
nanocavity field and the molecular vibronic transitions, at the
microscopic level. This would enable to fully capture this
regime of light−nanomatter interaction now accessible with
nanocavity molecular emitters, where electronic, photonic, and
vibrational degrees of freedom all interact strongly with each
other.67−70 Our findings evidence the open questions and
challenges in the control and understanding of nanocavity-
coupled molecular emitters and may have broad implications
for nanoplasmonic approaches to quantum optics and cavity
QED.5,48,71−73

RESULTS AND DISCUSSION
With the help of rectangular DNA-origami structures (60 × 50
nm2), a single ATTO 590 molecule (the fluorophore) is
precisely positioned between two Au nanospheres (60 nm
nominal diameter), forming the plasmonic nanocavity with gap
width g ≈ 4−5 nm (as expected from the total DNA-origami
thickness); see Figure S1. Following their colloidal synthesis in
solution (see Methods), NDs are deposited either on glass
(NDoG; left panel in Figure 1a) or on a template-stripped gold
substrate acting as a mirror (NDoM; right panels in Figures 1a
and 1b). The ND is separated from the gold or glass substrate
by single-stranded DNA sequences that are used to function-
alize the Au nanoparticles with a thickness of ≈1−1.5 nm. We
utilize two control samples consisting of the fluorophore-
origami complex deposited directly on glass or being attached
to a single Au nanoparticle before deposition on glass (NPoG,
nanoparticle-on-glass).
The plasmonic resonances of individual nanocavities

containing single fluorophores are investigated via dark-field
scattering spectroscopy (Figure 1c). By dispersing NDs on the

substrate with a very low surface density, we ensure that the
scattering signal arises from a single nanostructure, as
confirmed by electron microscopy on a subset of points,
which also confirms that we can differentiate between dimers
and monomers by their far-field scattering intensities (Figure
S2). The optical responses of these configurations are
calculated using electromagnetic simulations (Methods and
Supporting Information). The measured (top row) and
calculated (bottom row) spectra in the left columnFigure 1c
show that the dominant radiative mode of the NDoG lies in
the visible region (∼620−670 nm), which overlaps well with
the fluorophore ZPL (λem ≃ 622 nm at 300 K). The NDoG
shows strong scattering only under s-polarized illumination
(labeled with respect to the substrate, black lines in Figure 1c),
dominated by the bonding dipolar plasmon (BDP) mode
along the dimer axis (see charge and field distribution in Figure
1d). This mode is excited by the s-polarized illumination
because the propagation direction is chosen perpendicular to
the dimer axis.
In the NDoM configuration, the BDP mode is strongly red-

shifted toward the NIR region (wavelength ≥800 nm) due to
the interaction with the metallic substrate, as shown
experimentally and by calculations (Figure 1c, right column).
This red-shifted mode can be excited by s- and p-polarized
illumination and is characterized by strong surface charge
concentration in the three gaps forming the structure (one gap
between the two spherical nanoparticles and two gaps between
the dimer and the gold substrate), as illustrated by the
corresponding charge and field distributions in Figure 1e.
The NDoM dark-field scattering spectrum also shows a

mode in the visible (VIS) domain (630−700 nm, Figure 1c),
of a different nature compared to the main radiative BDP
mode of the NDoG cavity. This mode can only be excited by
p-polarized excitation and is characterized by strong surface
charge and field enhancement at the gaps between the ND and
the metallic substrate, but not in the gap between the two
spherical nanoparticles forming the dimer, where the
fluorophore is to be located (the relatively strong local field
in these spots in Figure 1e is due to contributions from other
plasmonic modes). The difference in field strength at the
fluorophore position compared to the NIR mode is due to the
different field symmetry at the ND−substrate gaps. In the VIS
mode, the orientation of the fields is the same in both gaps, but
it is the opposite in the NIR mode. With generality, modes
exhibiting a large field concentration at the gap between
nanoparticles (BDP mode in NDoG and NIR mode in
NDoM) enable strong radiative enhancement of a dipolar
source placed at that position. This enhancement is
comparatively weak for the NDoM mode at visible frequencies,
but in this case, a large enhancement of the decay rate is still
feasible as a consequence of the coupling with weakly radiative
higher-order plasmonic modes typically responsible for
quenching (see below).
These general spectral trends can be observed in all of the

measured particles (Figure S3) and are correctly reproduced
by numerical simulations of the optical response (see Figure S4
for details on the geometry and Figure S5a for additional
simulation results). The large variation in the NIR mode
position in experiments may arise from the variation in
nanoparticle shape and DNA coverage, as corroborated by
simulations (Figure S5a). We note that another strategy to red-
shift the NDoG resonance would be to shrink the interparticle
distance;43 however, narrower gaps are challenging to achieve
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using the DNA-origami approach, while they could also lead to
stronger nonradiative quenching of fluorophore emission.74 In
addition, we will show that our dual-mode strategy allows for

maintaining a high total LDOS at the ZPL frequency together

with the highly radiative NIR mode.

Figure 2. Spectral reshaping at ambient and cryogenic temperatures. Typical experimental emission spectra from single molecules in their
DNA scaffold deposited on glass (blue curves) or embedded in NDoM cavities (shades of red) at room (a) and cryogenic (b) temperatures
T. A long-pass filter cuts the emission below 600 nm. All spectra are measured under 590 nm excitation at 10 μW incident power
(continuous wave) focused through a 0.82 numerical aperture (NA) with an acquisition time of 1 s (see Methods for further details). (c)
Summary of emission line widths and positions of emission peaks at T = 4 K. The various groups are plotted with different markers, as
indicated in (b) and in the legend. For fluorophores in NDoM (red symbols), the ZPL and far-detuned NIR emission are analyzed
separately. The marginals of the data shown in (c) are presented in S10. Shaded areas are guides for the eye.

Figure 3. Spectral and intensity fluctuations. (a−c) Examples of typical time series of fluorescence spectra. Each column contains three
individual emitters from one of the sample families presented in Figure 2c: bare fluorophore in DNA (first column), fluorophore in NDoG
(second column) and fluorophore in NDoM (third column). The white bar in (a) indicates the common time scale, with time evolving from
bottom upwards in each panel (a), (b) and (c). The full time series can be found in Figure S14. (d) NDoM spectra from the time points
marked by lines in the time series in (c), highlighting the correlation among the ZPL position, NIR mode intensity, and ZPL line width. (e,f)
Correlation plots of the ZLP position versus the emitted intensity at the NIR region (integrated from 700 to 900 nm) (e), and versus the
FWHM (f), as extracted from each frame of the NDoM time series shown in (c).
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We then perform fluorescence spectroscopy on individual
structures at room and cryogenic temperatures to study light−
matter interaction at the single-molecule level (see Methods
for the apparatus). All samples containing the ATTO 590
fluorophore are measured using an excitation laser at 590 nm
and a long-pass filter that allows us to collect fluorescence
beyond 600 nm. The bare ATTO 590 fluorophore (i.e., in the
absence of ND) has a broad emission line width at room
temperature with a ZPL at λem ≃ 622 nm (Figure 2a, blue
lines), along with a shoulder corresponding to vibronic
sidebands. Upon measuring the fluorescence from bare
individual molecules at T = 4 K bath temperature, we observe
much narrower (∼10 meV) and asymmetric emission spectra
because of the reduced thermal occupancy of vibrational
modes and phonon bath,75 as shown by the blue lines in Figure
2b and blue crosses in Figure 2c (see Figure S11 for more
spectra). Results from NPoG nanocavities are shown with
golden diamonds in Figure 2c (see Figure S12 for example
spectra). These structures present a smaller Purcell factor than
NDoG and NDoM (2−3 times lower; see Figure S8);
however, a similar Lamb shift is expected due to the interaction
of the emitter with its image dipole in the nearby metal.
The first major finding of our experimental study is

illustrated by the red curves in Figure 2a,b, corresponding
again to measurements at T = 300 K (Figure 2a) and T = 4 K
(Figure 2b). When a fluorophore is embedded in an NDoM
cavity, we observe not only a hundred-fold enhancement of
spectrally integrated emission intensity (Figure S9a), con-
sistent with an increased excitation rate, and an even larger
enhancement of the total photon budget (Figure S9b),
consistent with an increased decay rate,76,77 but also a
dramatic reshaping of the emission spectrum with two main
features: (i) a significantly broadened and red-shifted ZPL
(also seen for fluorophores in NDoG, shown in Figure S13),
and (ii) the appearance of a strong peak around 750−800 nm,
detuned from the original ZPL by ten to hundred times the
main emission peak line width at T = 4 K. To our knowledge,
such a pronounced reshaping of single-molecule emission has
not been reported before. It is reminiscent of the phenomenon
of “cavity-feeding” from far-detuned quantum emitters
observed with epitaxial quantum dots strongly coupled to
photonic cavities,78−82 yet we do not expect our system to be
in the strong-coupling regime.
A summary of the main spectral features from the set of

investigated individual emitters is presented in Figure 2c,
extracted from a time series of single particles measured at T =
4 K until photobleaching of the fluorophore. From each time
series, the position and line width of the ZPL and NIR
emissions are extracted and the mean value is represented by a
point in Figure 2c. We keep using the term ZPL to denote, in
this context, the highest energy emission peak in its entirety.
Error bars are obtained by calculating the standard deviation
over each measurement, while the shaded regions are guides
only to the eye. A large spread of line widths is observed for
the fluorophore ZPL in NDoG and NDoM nanocavities. This
is assigned to the sensitive dependence of the Purcell factor
and the Lamb shift on the exact geometry of the dimer (Figure
S6c,d), on the position (Figure S7) as well as the orientation of
the fluorophore (Figure S6a,b), as will be developed below.
Before modeling the reshaped, Purcell-enhanced emission,

we study the spectral and intensity fluctuations (conventionally
referred to as fluorescence wandering and blinking, respec-
tively) from the three types of samples at low temperatures.

These fluctuations are illustrated by a few emission time series
in Figure 3a−c. For each measured emitter, the intensity, peak
position, and full width at half-maximum (FWHM) are
extracted frame by frame while separately treating the ZPL
(at visible wavelengths) and cavity-enabled NIR emission for
NDoMs. These quantities are then used to compute their
respective levels of fluctuation over time, expressed through a
boxplot in Figure S14b, and also study correlations from
individual traces as discussed later. In these measurements, we
benefit from the prolonged duration (several minutes) before
the photobleaching of fluorophores, which is a combined effect
of cryogenic temperature and plasmon-accelerated decay
rate.76,83

On the one hand, we observe similar levels of relative
intensity fluctuations across all sample types, which contrasts
with earlier observations on colloidal quantum dots coupled to
metallic structures84−86 where faster decay has been reported
to suppress blinking and stabilize emission intensity.87 On the
other hand, the observed spectral fluctuations of the ZPL are
significantly enhanced when embedding the fluorophore in a
nanocavity, be it an NDoG or NDoM. The magnitude of
wandering of the ZPL is 4 or 5 times more pronounced on
average compared to fluorophores in DNA on glass, with some
nanocavities featuring spectral excursions larger than 30 meV
(S14b). As illustrated by the spectra shown in Figure 3d and
summarized in Figure 3e, when the ZPL wavelength shifts to
longer wavelengths, the NIR emission intensity increases. The
full traces are shown in Figure S17. The peak appearing in the
region around ∼700 nm, seen clearly in Figure 3c spectrally
wandering with the ZPL, is assigned to the vibronic sidebands
of the molecule.
In contrast to the wandering fluorophore ZPL, the NIR

emission shows a very stable center wavelength and line width
(S14b), both governed by the plasmonic mode. After the
fluorophore has bleached, the much weaker collected signal
originates from the intrinsic gold luminescence from the
nanocavity, whose spectrum can be used to accurately infer the
plasmonic resonant modes (Figure S15).88−91 This faint
postbleaching gold luminescence shows a peak at the exact
same position as the detuned NIR fluorophore emission,
confirming the presence of the corresponding plasmonic mode
at the single particle level. All of these observations support
that the NIR emission is a consequence of the nanocavity
mode being fed by the fluorophore emission.
Another interesting correlation can be observed in Figures 3f

and S16: when the ZPL line width broadens, the ZPL emission
typically red shifts. This correlation is consistent with both
effects having a common cause, which we attribute to either a
transient change in the effective molecule−gold distance or a
change in molecular orientation, possibly resulting from
instabilities in the neighboring gold surface configuration.92

We indeed show in Figure S7 and Figure S6a,b that decreasing
the molecule−gold distance or changing the dipole orientation
in the simulation strongly affects both the Purcell broadening
and the Lamb shift in a correlated manner. These correlations
offer support for the role of Purcell broadening in the observed
emission spectra. We describe in more detail below how this
hypothesis is supported by theoretical modeling and tested by
additional experiments with a different fluorophore (ATTO
643).
We begin by showing with electromagnetic modeling of the

system that the Purcell effect and Lamb shift together with the
presence of the NIR cavity mode can account for the main
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experimental features of the NDoM system: the pronounced
ZPL broadening, the transfer of emission intensity to the NIR
peak, and the correlated fluctuations reported in Figure 3,
while also reproducing the measured NDoG spectra with the
same model. The NPoG system is a useful control in this
regard since the distance between the fluorophore and the gold
surface is maintained (∼1 nm), while the Purcell factor is
significantly reduced. Since the NPoG does not have an
additional LSPR mode in the region of interest (∼600−900

nm), experimentally we only see a slight broadening of the
ZPL on average (∼7 meV), while the spectra remain
qualitatively the same as the fluorophore in DNA (see the
inset of Figures 2c and S12). Electromagnetic simulations
predict a 2−3 times lower Purcell broadening for NPoG
compared to NDoM, but similar Lamb shifts, because the
latter arises mainly from the proximity of the dipole to the Au
surface. The simulated Purcell broadening and Lamb shifts for
NPoG (see Figure S8) are comparable, on average, with the

Figure 4. Modeling fluorescence reshaping. The two columns correspond to identical simulations and analysis performed for NDoG (left
column) and NDoM nanocavities (right column). (a) Simulated radiative (Prad, dashed line) and total (PF, solid line) decay rate
enhancement factors as a function of wavelength; and (b) corresponding Purcell broadening (Γs × PF) and Lamb shift (Δω) in meV, for a
spontaneous emission rate (Γs) in the DNA of 1/3 ns−1. Electromagnetic simulations are performed using the geometry sketched in Figure
1a (for NDoG and NDoM, respectively) with the dipolar emitter placed 1 nm away from one of the Au surfaces. The vertical dashed line in
all panels indicates the average measured ZPL frequency of ATTO 590 in DNA origami on glass at 4 K. (c) Examples of experimental
instantaneous fluorescence spectra (solid lines) along with estimates from the convolution model of eq 5 (dashed lines). The values shown
next to each curve (in the corresponding color) are the values of Γbrd obtained from the fit. Panels (d−f) show the same analysis repeated for
NDoM nanocavities. The inset in (e) shows the correlation between the calculated frequency shift and Purcell broadening at the ZPL
frequency for various locations of the fluorophore within the nanogap (additional data shown in Figure S7). The same molecular emission
spectrum, mol

ref , spectrally shifted to correctly match the ZPL position, is used in all examples. The appropriate Prad, correctly matching the
NIR mode position (see Figure S5b), is used for each NDoM case, while an identical Prad is used for all NDoG examples. The dashed vertical
line shows the average value of ZPL energy measured from bare fluorophores in origami.
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observed ZPL line width and wavelength distributions of
Figure 2c. These observations hint at the electromagnetic
origin of the observed broadening and reshaping, which we
now investigate for the ND structures.
For NDoG and NDoM cavities, the radiative and total

(including nonradiative) decay rates are numerically calculated
by modeling the fluorophore as a point-like dipole located in
the ND gap, along and parallel to the ND long axis and placed
1 nm away from one nanoparticle (consistent with the DNA-
origami design); the results are plotted in Figure 4a (NDoG)
and Figure 4d (NDoM) (see Figure S6 for the perpendicular
configuration), for a spontaneous decay rate of the emitter in
DNA of 1/3 ns−1. The calculations and other considered
geometries are described in more detail in the Methods section
and in Figure S4. Two features of the NDoM should be
highlighted: first, at the ZPL wavelength of ATTO 590 in
DNA, which is around 600 nm at 4 K (cf. Figure 2c), the
Purcell factor (shown in Figure 4d, green line, and defined as
the increase in the spontaneous decay rate due to the presence
of the ND) reaches ∼4 × 104, while its value is 3−4 times
smaller around the ZPL of ATTO 643 that will be studied
later. Second, the simulation confirms the presence of the NIR
mode featuring both a large Purcell factor (∼3 × 104) and a
high radiative efficiency (Prad/PF∼20%) close to 800 nm. In
the case of NDoG, plotted in Figure 4a, a similar Purcell factor
is obtained at the ATTO 590 ZPL wavelength with a dominant
radiative mode (∼30% efficiency) around 650 nm. These
calculations are then combined with experimental data to
model the observed reshaped fluorescence spectra.
A naive prediction of the modified fluorophore emission

spectrum in a nanocavity, ( ), is given by the measured bare
fluorophore spectrum ( )mol (examples shown in S11)
multiplied by the radiative rate enhancement factor for a dipole
in the nanocavity gap (Prad(ω), dashed curve in Figure 4a,d)
according to24

×S P( ) ( ) ( )mol rad (1)

This approach, which was used with some success to model
room-temperature data24,28 (see Figure S18a), totally fails to
reproduce the increased ZPL emission line width for a
fluorophore embedded in NDoG or NDoM at low temper-
atures (see Figure S18b); as a result, it also predicts negligible
NIR emission for fluorophores in NDoM. We therefore refine
the model by accounting for the reduced luminescence lifetime
of a fluorophore coupled to a nanocavity, which results in a
broadened ZPL. When the emitter is modeled by a two-level
system, its emission spectrum in a reference environment can
be modeled by a Lorentzian function. Using the formalism
in93,94 with the frequency-dependent Purcell factor (PF (ω))
and Lamb shift (Δω (ω)) inside the cavity, the fluorophore
response is modified as
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where ω0 is the central emission frequency in the absence of a
cavity, Γdeph is the pure dephasing rate (that vastly dominates
the line width of the bare fluorophore), and Γcav(ω) = PF(ω)Γs
is the Purcell enhanced decay rate (and corresponding
broadening) inside the nanocavity, with the spontaneous
radiative decay rate of the bare fluorophore Γs (Figure S19).

Finally, the photoluminescence signal of the coupled system
is calculated by

= × P( ) ( ) ( )cav
mol
cav

rad (3)

In this model, all vibrational degrees of freedom of the
molecule are phenomenologically included into the pure
dephasing rate Γdeph. However, as the low-temperature
fluorescence spectra feature asymmetric ZPL and vibronic
sidebands, the two-level approximation must be improved
upon. We introduce a heuristic model based on the
convolution of the reference fluorophore spectrum with a
Lorentzian function that accounts for Purcell broadening
through the broadening parameter Γbrd, which can be identified
with the predicted value of PF Γs close to the Lamb-shifted
ZPL energy:

=
+

d( ) ( ; )
/2

(( /2) ( ) )mol
brd
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brd

brd
2 2

(4)

In the following, we chose the fluorophores in DNA
dispersed on glass as the reference mol

ref . When attached to
gold nanoparticles, the shift of the fluorophore takes a range of
values so that we introduce a spectral shift by hand (ωshift) to
match the ZPL positions of the reference to the emission in the
presence of the nanocavity. We use this frequency shifted
reference ( ( ; )mol

ref
shift ) and determine the Γbrd that results

in the best fit to the reshaped spectra, which is defined by

= ·P( ) ( ) ( )brd
mol
brd

rad (5)

The predictions of this improved heuristic model, shown in
Figure 4c,f, allow us to recover the correct line shape for the
ZPL in both NDoG and NDoM while also being able to
predict the correct NIR intensity for NDoM, with values of
Γbrd that are comparable (within a factor of ∼4) to the
predicted lifetime broadening through the Purcell effect using a
fluorophore spontaneous decay rate (Γs) of 1/3 ns−1, very
close to that measured in Figure S19. We acknowledge that the
values of Γbrd obtained from our fits are larger than the
predicted values of Purcell broadening from the simulations,
even under the assumption of an optimal dipole alignment. It
must be noted that the dipole is unlikely to be substantially
misaligned since this would lead to quenching of radiation, but
a small deviation from the dimer axis does result in reduced
coupling strengths, exacerbating the discrepancy.
Multiple factors that are not accounted for in our simplistic

model may contribute to the discrepancy, such as nonlocal
effects of the metallic response,95−97 the lack of knowledge of
the exact geometry and atomistic protuberances or picocavity
events.98 To further study the role of picocavities and atomic-
scale fluctuations in the nanogap, we reproduce a recent
experimental study92 that induced picocavities in similar DNA-
origami constructs under higher laser powers and attributed a
facilitating role to the fluorophore in picocavity formation. Our
data (see Figure S20) additionally show that the dimer gap
shrinks at high laser power, possibly due to heat-induced
shrinking of DNA as reported in ref 43. Picocavities or other
field-enhancing features may also randomly occur at low laser
power and would lead to transiently higher Purcell factors99�
a phenomenon not included in our model. Even with our
simple assumptions, the Purcell model captures some of the
essential features of the system while broadly reproducing the
experimental observations.
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To further test our hypothesis regarding the importance of
Purcell broadening, we investigated a second set of nano-
cavities that host a different fluorophore (ATTO 643, Figure
5). As seen from the bare fluorophore spectra (Figure S11),

ATTO 643 ZPL (average ZPL emission wavelength ∼646 nm
at 4K) is red-shifted compared to ATTO 590 (∼606 nm).
However, even though ATTO 643 is tuned closer to the NIR
mode, the observed NIR intensity is weaker on average (Figure
5c), which we attribute to lower Purcell broadening. Indeed, by
choosing a subset of all measured samples that may have a
similar geometry (based on their plasmonic NIR resonances,
gray strip in Figure 5b), we find that the ZPL line width is
significantly narrower for ATTO 643, as shown in Figure 5d
(see also Figure S21a), which is in line with the NDoM
simulations predicting a lower total Purcell factor around 650
nm compared to 600 nm (Figure 4d). Note that this trend is
robust and visible without any postselection (Figure S21 and
Figure S22). Altogether, the fluorophore that is detuned
further from the NIR mode is feeding it more efficiently, in
accordance with our model that accounts for giant Purcell
broadening and Lamb shift at the single-molecule level.
While this model seems to capture the essential physics at

play, several other mechanisms will require future inves-
tigations. In particular, the predicted total Purcell factor
corresponds to a shortening of the emission lifetime of
approximately 100 fs. Under such rapid decay, Kasha’s rule,
which states that emission always occurs from the lowest
vibrational level of the excited electronic state, could be
violated.28,100 Since the Franck−Condon factors from vibra-
tionally excited levels may substantially differ from those
involving the lowest level, it is unclear what the actual

spectrum would be in this case (we would naively expect
emission at higher energies, which does not seem to occur).
Testing this hypothesis may require ultrafast transient
measurements with a temporal resolution of a few tens of
femtoseconds on single nanocavities.101,102 On the theoretical
side, there is interest in solving a model that nonperturbatively
accounts for the coupling of the electronic states to the
molecular vibrations and to the dynamically screened electro-
magnetic field while properly describing all dissipation
channels. A few recent works can serve as a basis for this
extension.67,103 It is possible that the additional terms coming
from the Purcell effect acting on the vibronic states can more
accurately reproduce the experimental spectra.
Furthermore, as presented in Figure S23, a few rare

instances of NDoMs show extreme reshaping events in the
emission spectra. Occasionally, the ZPL emission becomes
very weak or even disappears, while the emission through the
NIR mode is further strengthened. This indicates that there
may be other microscopic mechanisms at the single-molecule
level that are not captured in our model and may lead to the
quasi-complete transfer of energy from the ZPL to the NIR
cavity mode. Such mechanisms may include the formation of
picocavities (as observed under much higher laser powers in
ref 92), the possible activation of spin-forbidden transitions by
magnetic modes,104−107 or may be related to increased charge
noise in the immediate vicinity of the fluorophore108−114 due
to the presence of metallic nanoparticles.

CONCLUSIONS
In summary, we experimentally studied single-molecule
fluorescence reshaping due to coupling with a plasmonic
nanocavity at low temperatures by investigating bare
fluorophores as well as fluorophores embedded in two types
of plasmonic nanocavities (NDoG and NDoM). Consistent
with electromagnetic model calculations, we proposed that the
pronounced emission reshaping is facilitated by a giant Purcell
enhancement and associated Lamb shift, which together help
emission feed into far-detuned cavity modes at NIR wave-
lengths (up to 850 nm). Our results may have important
consequences for the design of broadband NIR single photon
sources and applications in quantum communication based on
single quantum emitters. For example, they suggest an
alternative method for creating NIR emitters based on organic
fluorophores with high quantum yield and photostability. The
coupling of these emitters with plasmonic structures can lead
to the development of brighter sources with tailored spectra.
Importantly, whereas fluorophore line width is vastly
dominated by pure dephasing under usual conditions, our
analysis suggests that lifetime-limited emission could be
achievable within a suitably designed nanocavity, which
opens prospects for the creation of indistinguishable single
photons from commercial dye molecules.115−119

METHODS
Sample Fabrication. Gold NDs were assembled by means of a

rectangular DNA origami.44 The DNA-origami structure was designed
using CaDNAno software120 and visualized for twist correction using
CanDo.121 It consists of a square lattice design that folds into a 2-layer
sheet (2LS) of size ∼60 × 50 × 5 nm3 with one ATTO 594 or ATTO
643 fluorophore in the center. Eight handles of Poly-A15 have been
extended from each side of the structure so that it could bind two 60
nm gold nanoparticles surface-functionalized with Poly-T8/18
(Biomers GmbH). The handles have been designed so that the

Figure 5. Experimental comparison of Purcell broadening and NIR
emission for two different fluorophores. (a) Examples of typical
fluorescence spectra from NDoMs containing individual ATTO
590 (shades of blue) and ATTO 643 (shades of orange)
fluorophores. (b) Scatter plots showing the measured ZPL and
NIR emission wavelengths for the two sets of NDoM samples
containing different fluorophores. (c) Statistics of NIR emission
and (d) ZPL FWHM of the selected subset of nanocavities that
have an NIR mode wavelength between 780 and 820 nm, indicated
by the shaded region in (b).
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attached nanoparticles are located in the center of the structure with a
single fluorophore between them (see Figure S1 for a schematic and a
list of staples). For the structures assembling a single nanoparticle, a
DNA-origami structure containing handles only on one side
(corresponding to the fluorophore side) was assembled.

DNA-origami folding was carried out by mixing the M13mp18
scaffold (20 nM) with unmodified (200 nM) and modified (handles
and fluorophore, 2000 nM) staples in a 1× TAE buffer containing 12
mM MgCl2. Unmodified staples were purchased from Integrated
DNA Technologies IDT, modified ones from Biomers GmbH. The
use of scaffold-to-staple ratios of 1:10 and 1:100 guarantees complete
integration of the staples in the structure, especially in the case of the
handle strands and fluorophore. For folding, the solution was first
heated up to 75 °C and then ramped down to 25 °C at the rate of 1
°C every 20 min. The folded DNA-origami structures were purified
from excess staple strands by gel electrophoresis using a 1% agarose
gel (LE Agarose, Biozym Scientific GmbH) in a 1× TAE buffer with
12 mM MgCl2 for 2.5 h at 70 V. The appropriate band containing the
targeted 2LS origami was cut out and squeezed using coverslips
wrapped in parafilm. The concentration was determined via UV−vis
absorption spectroscopy (Nanodrop).

For binding to DNA origami, gold nanoparticles were function-
alized with a mix of Poly-T8 and Poly-T18 DNA strands (Biomers
GmbH) complementary to Poly-A15 on the surface of DNA origami.
First, 125 μL of thiolated DNA (100 μL of Poly-T8 and 25 μL of
Poly-T18) was activated with 50 μM TCEP for 1 h in order to break
disulfide bonds between SH-DNA strands. Then, activated DNA
strands were mixed with 312.5 μL of 0.1% SDS solution of 60 nm
gold nanoparticles of OD 20, adjusted to 1 mM NaCl, and frozen
overnight.122 Afterward, DNA-functionalized nanoparticles were
purified from an excess of DNA strands using gel electrophoresis
(1% agarose gel, 2 h, 100 V). This step also ensures the removal of
any self-aggregated dimer formed during NP functionalization. The
concentration of gold nanoparticles was determined via UV−vis
absorption spectroscopy (Nanodrop). The purified 2LS origami was
mixed with the purified gold nanoparticles using an excess of five gold
nanoparticles per binding site and adding NaCl to a final
concentration of 600 mM. After overnight incubation at room
temperature, the excess of gold nanoparticles was removed by gel
electrophoresis (running for 4.5 h), and the band containing correctly
formed dimers (or the monomer band for the single nanoparticle
structures) was extracted as described before.

The fabricated structures are then incubated for 30 min for
electrostatic immobilization on a dielectric (commercially available
glass slides) or gold substrate, rinsed two times with water, and
flushed with nitrogen before measuring. Ultra-flat gold films are
prepared using the template-stripping method as in ref 123 to ensure
reproducible nanogaps.

Cryogenic Fluorescence Spectroscopy. Single-particle optical
microscopy is performed on a home-built confocal microscope setup.
The sample itself is housed within a closed-cycle optical cryostat
(AttoCube AttoDry 800) and mounted on a three-axis nanopositioner
(AttoCube ANP series) for precisely locating single nanoparticles for
measurement. The sample temperature within the cryostat can be
precisely controlled between 4 and 300 K using a combination of
closed-cycle Helium pumping and resistive heating. A high-NA
objective (AttoCube LT-APO 100× 0.82 NA) inside the cryostat is
used to tightly focus light from a tunable continuous-wave optical
parameter oscillator (Hübner C-Wave OPO) onto the sample. Light
reflected from the focal spot is recollimated through the same
objective. After blocking the laser line, the remnant signal of interest is
focused into a spectrometer (Andor Kymera 193i) with a CCD
camera (Andor iDus).

Measuring organic fluorophores requires us to tune the laser
wavelength to the absorption maximum of the fluorophore and
operate at safe excitation power levels. All spectra shown in our report
are measured with the excitation wavelength at 590 nm for ATTO
590 and 633 nm for ATTO 643, with an excitation power of 10 μW.
Single emitters are located by scanning the sample stage while
acquiring the signal. When a single emitter is located, time series of

spectra are acquired at the rate of 1 Hz. The length of the time series
is made long enough to capture a bleaching step as well as a
subsequent background signal from the same spot. Subtracting the
average background allows us to extract the spectra emanating from
the fluorophore in the focal spot. Only spectra from the time series
showing a single bleaching step have been included in this study.

Room-Temperature Dark-Field Scattering. Dark-field spec-
troscopy is performed by weakly focusing (Olympus Plan N 4×
0.1NA) a white light source on the sample at a high angle (81°) to the
normal. The scattered light is then collected through a high-NA
objective (Olympus MPLFLN 100× 0.9NA) perpendicular to the
sample plane. We used a pulsed supercontinuum white light source
(NKT Photonics SuperK Compact) after scrambling its spatial
coherence through a spinning diffuser to avoid strong fringes in the
scattering spectra. A small percentage of the scattered light is sent to a
camera to image the sample, while the remainder is sent to a
spectrograph (Andor Kymera 193i) with a CCD (Andor iDus) to
measure the scattering spectra.

Simulations. All simulations carried out in this work are
implemented in the radio frequency (RF) module of COMSOL
Multiphysics,66 which uses the finite element method (FEM) to solve
Maxwell’s equations in the frequency domain. To mimic the
experimental configurations, the simulations in the main text consider
two gold spherical nanoparticles (modeled using the permittivity of
Au from Johnson and Christy124) of 60 nm diameter, separated by a
small gap of 4 nm. This dimer is deposited on top of a semi-infinite
glass of refractive index 1.5 (NDoG configuration) or a 1.0 nm-thick
dielectric layer (refractive index 1) placed over a gold substrate
(NDoM configuration). To represent the DNA-origami structure
containing the fluorophore, a cylinder of diameter 40 nm and
refractive index 2.15125 is placed between the two spherical
nanoparticles. A detailed sketch and other configurations are
presented in the Supporting Information.

The dark-field scattering of the NDoG and NDoM structures is
calculated in COMSOL by configuring a background electric field
corresponding to a linearly polarized plane wave (s- and p-
polarizations) at an oblique incidence angle of 81° from the surface
normal. No fluorophore is considered in these simulations of the
scattering. To replicate the experimental collection of light through a
high-NA objective, the scattered light is computed by integrating the
Poynting vector over a surface area corresponding to a solid angle
equivalent to an NA of 0.9. The total (Γcav) and radiative (Γrad) decay
rates, as well as the Lamb shift, are computed using as a source an
electric point-dipole placed in the ND gap. In the simulations of the
main text, the dipole is positioned on and oriented parallel to the
ND's long axis and placed 1 nm away from one of the surfaces of one
nanoparticle. Γcav and the Lamb shift are calculated from the self-
interaction Green’s function, which gives the electric field
(component aligned with the electric dipole) induced by the dipole
at the same position of the dipole. Γrad is calculated as the integral of
the Poynting vector evaluated in a closed spherical surface
surrounding the system at a distance of 1.6 μm. Γcav and Γrad are
then normalized to the same quantities obtained with the dipole
immersed in an infinite space made of DNA (refractive index 2.15).
The full simulation environment for all calculations consisted of a
sphere with a radius of 2000 nm surrounded by a 400 nm-thick
perfectly matched layer. Tetrahedral elements were used to mesh all
domains, with the maximum mesh element size kept below λ/10,
where λ is the wavelength of the excitation. For elements
corresponding to the dimers and the DNA cylinder, a finer mesh
size was used. Additionally, the dipole source was surrounded by a
sphere with the same refractive index of DNA and a diameter equal to
the gap size (4 nm) to ensure a sufficiently fine grid in the proximity
of the dipole source. The mesh of the sphere surrounding the dipole
source was smaller than 1.2 nm. Mesh sizes in the entire set of
calculations were systematically verified to ensure that convergence
was achieved.
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