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Abstract 

Mapping light fields and local density of optical states (LDOS) around nanostructured materials is instrumental 
for advancing both fundamentals and practical applications in nano-optics, nanomaterial science, and quantum 
technologies. In particular, LDOS governs key processes such as spontaneous emission, light scattering, van der Waals 
interactions, and nanoscale heat transfer, yet it remains inaccessible with conventional optical microscopy tech‑
niques. Here, we develop scanning-exciton optical nanoscopy to simultaneously map the light intensity and LDOS 
near plasmonic and dielectric photonic structures with a few-nanometer resolution. By grafting a rationally designed 
core–shell-shell quantum dot to a silica nanotip, we obtain an ultra-photostable and sensitive scanning quantum 
probe carrying excitons that are generated and decay at the rates proportional to the local light intensity and LDOS, 
respectively. We first demonstrate the correlative dual-parameter sensing capability using a model plasmonic struc‑
ture, and subsequently apply it to uncover previously unobservable nanoscale coupling physics occurring in a plas‑
monic trimer. Furthermore, we report the first optical mapping of LDOS over a photonic-crystal nanocavity, visualizing 
the resonant nanocavity mode and its position-dependent coupling with a quantum emitter, essential for quantum 
photonic applications. Our work demonstrates a transformative technique towards bridging the gap between surface 
morphology and far-field optical response, and constitutes a platform for exploring light-matter interactions at deep-
nanoscale and single-quanta level.
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1  Introduction
Recent breakthroughs in nanofabrication technology 
and material science have enabled precise control over 
light fields and their interactions with matter down to 
10  nm scale or even to atomic scale [1–4], unlocking 
a broad range of transformative applications. Mean-
while, the burgeoning field of quantum nanophotonics 
integrates concepts and techniques from nanophoton-
ics and quantum physics [5, 6], leveraging delicate on-
chip coupling between nanoengineered light fields and 
solid-state single quantum systems [7–11]. Accord-
ingly, the ability to precisely map light fields and the 
LDOS which tells the atom–field coupling rate is key 
to uncovering the physical insights and pushing the 
boundaries of these exciting fields. Over the past sev-
eral decades, substantial efforts have been devoted 
to acquiring these two types of critical information. 
Scanning near-field optical microscopy (SNOM) is 
now widely used to image the light field near pho-
tonic nanostructures at tens of nanometer resolution 
[12–16]. However, except from some special situations 
[17], SNOM lacks access to LDOS—a key parameter 
governing light-matter interactions [18–20], van der 
Waals forces [21], nanoscale heat transfer [22], and 
more. For LDOS mapping, researchers have to resort 
to electron beam based approaches [23], such as elec-
tron energy-loss spectroscopy [24, 25] and cathodo-
luminescence [26]. Although these techniques have 
their own merits, they operate under vacuum, rely on 
complex instrumentation, and lack access to light-field 
information.

A promising optical scheme to simultaneously map 
light fields and LDOS in ambient conditions is to 
replace the physical probe of standard SNOM by a 
quantum emitter, ideally an atom [27, 28]. In princi-
ple, a scanning atom probe could be brought arbitrar-
ily close to the positions of interest and detect the 
local light intensity via absorption at atomic reso-
lution. Further, the atom probe, as a quantum sen-
sor, can sense the LDOS via its fluorescence lifetime 
change  [18]. Earlier experimental demonstrations 
employed single emitters embedded in solid-state 
hosts, such as single molecules in organic micro-
crystals [29] and nitrogen-vacancy centers in nano-
diamonds [30–33], highlighting the potential of this 
technique. However, such single-emitter probes con-
front a number of issues in ambient conditions. For 
instance, single-molecule probes in organic micro-
crystals suffer from relatively large size [29], pho-
tobleaching and photoluminescence (PL) blinking at 
room temperature [34]. Nanodiamond probes with 
single nitrogen-vacancy centers [30–33, 35] have a 
broad emission spectrum (over 100  nm linewidth), 

small absorption cross-section (~ 10⁻1⁷–10⁻1⁶ cm2), 
and highly inhomogeneous quantum efficiencies with 
significant nonradiative decays. As a result, nanodia-
mond probes typically show small changes in the flu-
orescence lifetime [32, 33]. These issues significantly 
jeopardize the use of emitter-host quantum systems 
as reliable and sensitive LDOS probes [35]. Differ-
ent from the emitter-host systems, colloidal quantum 
dots (QDs) are sub-10  nm semiconductor nanocrys-
tals that act like atoms due to quantum confinement 
[36] and typically have a much narrower, tunable emis-
sion spectrum and orders of magnitude larger absorp-
tion cross-section [37, 38], showing their potential as 
sensitive probes with negligible background [39–42]. 
Indeed, single QDs positioned with microfluidic flow 
control were shown to probe LDOS around a silver 
nanowire [43], although they cannot be freely scanned 
in all three dimensions with a nanometer resolution. 
However, conventional colloidal QDs suffer from poor 
photostability at the single-dot level—particularly in 
ambient conditions—and are prone to severe PL blink-
ing and photobleaching. This limitation substantially 
undermines the applicability of a single QD as a scan-
ning nanoscopic light source, especially for LDOS 
imaging. Taken together, despite extensive experimen-
tal endeavors over the past three decades, an optical 
microscopy technique to robustly map nanoscale light 
fields and LDOS remains elusive.

Here, we develop scanning-exciton optical nanos-
copy (SEON) with an ultra-photostable scanning QD 
probe and demonstrate simultaneous mapping of the 
light intensity and LDOS near nanostructures with 
unprecedented fidelity and a spatial resolution of a 
few nanometers. We realize an air-photostable and 
robust scanning-exciton probe by grafting a single QD 
(~ 6.6 nm) with an optimized core/shell/shell structure 
on the apex of a 40  nm-diameter silica nanotip. Here 
the monoexciton within the QD serves as the key sens-
ing unit for the light intensity and LDOS. The dual-
parameter sensing capability of SEON is demonstrated 
using a single gold nanosphere, with the first direct 
visualization of both the illumination-dependent light 
intensity distribution and the illumination-independ-
ent LDOS profile. Such simultaneous dual-parameter 
sensing enables a correlative analysis of the two types 
of information around the nanostructure to reveal the 
intricate physics previously inaccessible. We apply 
SEON to reveal previously unobservable intricate cou-
pling physics in a plasmonic trimer system, and, for 
the first time, to optically map the LDOS and nano-
cavity mode over an integrated photonic-crystal nano-
cavity structure.
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2 � Results
2.1 � Photostable scanning quantum‑dot probe 

for dual‑parameter sensing
We rationally design and synthesize high-quality CdSe/
CdS/ZnS (core/shell/shell) QDs to meet the stringent 
requirements as an effective SEON probe (Supplemen-
tary Material Section  1.1). The energy band alignment 
diagram of the QDs is illustrated in Fig.  1a, where the 
band-edge hole wavefunction is confined in the CdSe 
core, while the band-edge electron wavefunction is delo-
calized over the CdSe/CdS region. The ZnS shell isolates 
the electron wavefunction from the environment and 
thus substantially improves the QD’s photostability in 
ambient conditions. A small CdSe core is selected to sup-
press the biexciton quantum yield and increase the spatial 
resolution as the light absorption and emission predomi-
nantly occur in the core region [44]. To achieve target 
wavelength and stability with minimal total size, we epi-
taxially grow a thin intermediate CdSe shell and an outer 
ZnS shell. Transmission electron microscopy images 
show that the QDs exhibit a non-spherical shape due to 
the formation of the hexahedral nanocrystal and have 
an overall size of about 6.6 nm and a CdSe core of 3 nm 
(Supplementary Material Section  1.2). The QDs feature 
an emission peak at 605 nm and a spectral linewidth of 
17  nm (Supplementary Material Section  1.3). QDs with 
different emission peaks can be synthesized by tuning 
the core and shell sizes. Our QDs possess monoexciton 
quantum efficiencies of over 96% (Supplementary Mate-
rial Section 1.4). The tunable narrow-linewidth emission 
with near-unity quantum yield enables high-sensitive 
LDOS mapping for a given nanophotonic structure.

As schematically illustrated in Fig. 1a, a QD is grafted 
at the apex of a 40  nm-diameter silica nanotip formed 
by pulling a standard single-mode fiber (Supplementary 
Material Section 2.1). We observe no appreciable changes 
of the PL lifetime and intensity from the same QD before 
and after it is grafted to the silica nanotip apex (Supple-
mentary Material Section  2.2). The fiber base is glued 
onto a tuning fork mounted on a three-dimensional (3D) 
piezoelectric nanopositioner which enables 3D closed-
loop scanning of the QD at sub-nanometer resolution. 
SEON relies on mono-excitonic dynamics within the QD: 
Under light illumination, an exciton in the QD can be 
generated and recombined with the rates proportional to 
the local light intensity and LDOS respectively. Thereby, 
we realize SEON to simultaneously map two distinct 
types of optical properties, i.e., light intensity and LDOS, 
around the same material structure. The detailed experi-
mental setup for SEON can be found in Supplementary 
Material Section 3.

Next, we thoroughly characterize the emission prop-
erties of a scanning quantum-dot probe, including the 

photon statistics, photostability, and LDOS sensitiv-
ity. Figure 1b shows the measured second-order photon 
correlation function, which exhibits a pronounced anti-
bunching dip at zero delay, confirming that the nano-
tip contains a single emissive QD [45]. Here a non-zero 
normalized anti-bunching dip of 0.1 is due to a nonvan-
ishing biexciton quantum yield [46], corresponding to 
the ratio of biexciton to monoexciton quantum yields 
ηBX/ηX = 0.1 . Importantly, in our experiment we operate 
under weak excitation conditions, resulting in negligible 
biexciton contribution [46]. Figure  1c displays a typical 
PL intensity time trace of five minutes with on-time frac-
tion over 98%. Notably, the scanning QD probe can 
continuously emit for over three hours without degrada-
tion (Supplementary Material Section  4). The detected 
fluorescence has a signal-to-background ratio of 55. We 
further demonstrate that the excited-state lifetime of 
the QD is highly sensitive to LDOS variations, highlight-
ing its near-unity monoexciton quantum yield. When 
the QD probe is positioned above a glass coverslip, we 
observe distinct PL decay curves at varied QD-substrate 
distances as shown in Fig. 1d. Moreover, all the PL curves 
exhibit monoexponential decay dynamics, which is cru-
cial for accurately extracting the decay rate with a small 
number of photons (Supplementary Material Section 5). 
The extracted position-dependent decay rates are plot-
ted in Fig. 1e and agrees well with the calculated radia-
tive decay rate [19]. Here in the calculations the emission 
dipole moment of the QD probe [47] is modelled as a 
prolate spheroid consisting of three orthogonal inco-
herent dipoles characterized by the parameters (R, θ, φ) 
(Supplementary Material Section  6). All these measure-
ments demonstrate that our QD probe possesses the fol-
lowing favorable properties: outstanding photostability in 
air, near-unity quantum efficiency, monoexponential PL 
decay, and low background.

2.2 � Dual‑parameter nanoimaging on a model plasmonic 
structure

To faithfully demonstrate SEON’s capability, we first 
carry out experiments with a model plasmonic structure, 
i.e., a gold nanosphere (AuNS). Its optical response under 
excitation and LDOS distribution are well-established in 
theory. However, simultaneous mapping of its distinct 
distributions of the light intensity and LDOS under var-
ied illuminations has not been visualized in experiment. 
Here we perform SEON (Supplementary Material Sec-
tion  3.1) to experimentally illustrate how the light field 
around an AuNS (76.4 nm in diameter; see Supplemen-
tary Material Section 7 for AFM topographic image and 
scattering spectrum) is highly illumination dependent 
while the LDOS is independent. As sketched in Fig.  2, 
the excitation (532 nm wavelength; ~ 100 ps pulse width; 
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Fig. 1  Photostable scanning quantum-dot probe with dual-parameter sensing capability. a Schematics of the scanning-exciton optical nanoscopy 
(SEON), energy band alignment scheme of the CdSe/CdS/ZnS core/shell/shell quantum dot (QD), and transmission electron microscopy (TEM) 
image of the QDs. The inset shows a high-resolution TEM image of one QD. Excitons in a QD are excited upon light absorption, and decay 
via emitting photons, which are registered with a time-correlated single-photon counting (TCSPC) unit for light intensity and fluorescence lifetime 
mapping. b Second-order photon correlation function of the fluorescence from the scanning QD probe. The pronounced anti-bunching dip at zero 
delay confirms the probe carries only one QD. c A representative PL intensity time trace of the QD probe under constant excitation, exhibiting 
an on-time fraction over 98%. The photon counts per time bin (20 ms) is 224 ± 18. d PL decay curves of the QD at varied distances from a glass 
substrate. All decay curves are well described by a monoexponential decay model, with an Adjusted R2 of 0.99 indicating strong model-data 
consistency. e Measured (symbols) and calculated (dashed line) normalized decay rate as a function of the QD-substrate distance. The error bars 
represent the fitting uncertainties (1σ). The QD probe’s dipole parameters (R, θ, φ) = (3.1, 106°, 137°)
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4.03 MHz repetition rate) is launched from the glass sub-
strate side and generates an enhanced near field pattern 
according to the polarization of the illumination. We scan 
the QD over the AuNS at a constant height from the sub-
strate. The QD-substrate distance can be well-controlled 
and kept within 1  nm precision (Supplementary Mate-
rial Section 8). PL intensity and decay rate enhancement 

mappings are constructed by averaging multiple scanning 
frames (Supplementary Table 1 lists scanning parameters 
for all mappings presented in the manuscript). The “PL 
intensity enhancement” and “PL decay rate enhance-
ment” are dimensionless normalized ratios I/Io and 
γ /γ o , respectively. Here Io and γ o respectively denote the 

Fig. 2  Simultaneous mapping of the light intensity and LDOS on a single gold nanosphere (AuNS). a–c Images of PL intensity enhancement 
obtained via SEON on an AuNS under three types of in-plane excitation polarizations, i.e., two orthogonal linear polarizations (a, b) and a circular 
polarization (c). The vertical QD-AuNS distance d is 2.6 nm. d–f The corresponding images of PL decay rate enhancement, showing their 
independence of the excitation polarization. The insets display the simulated distributions. The QD probe’s dipole parameters (R, θ, φ) = (2.8, 77°, 52°). 
Scale bars, 100 nm
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averaged intensity and decay rate of the same QD probe 
measured in a reference region far away from the AuNS.

In Fig. 2, measurements are performed for three types 
of excitation polarizations, including two orthogonal in-
plane linear polarizations and an in-plane circular polari-
zation. Our measurements show that the fluorescence 
intensity distributions are distinct for the three types of 
illuminations while the LDOS mappings keep consistent. 
For in-plane linear polarizations, the enhanced near field 
spots occur on two sides of the AuNS along the polari-
zation direction (Fig.  2a, b)—a signature of the AuNS’s 
in-plane dipolar plasmonic resonance—in good agree-
ment with the simulated results (insets at the upper right 
corner). Excitation with an in-plane circular polarization 
generates a donut-shaped intensity profile (Fig. 2c)—aris-
ing from uniform excitation of the dipolar plasmonic 
mode across all in-plane directions. Similar intensity pro-
files are observed for a variety of QD-substrate distances 
(Supplementary Material Section 9). Contrary to the PL 
intensity images, the corresponding decay rate mappings 
are nearly identical across all polarizations, all showing 
only one enhancement spot above the AuNS as depicted 
in Fig. 2d, e, f.

These experiments validate SEON’s capability for 
simultaneous dual-parameter sensing around the same 
structure, which will enable correlative analysis to reveal 
intricate physical phenomena at the deep nanoscale. Such 
capability is unattainable with single-parameter-sensing 
techniques, such as conventional SNOM techniques 
(due to the lack of LDOS sensitivity) or electron-beam-
based spectroscopies (due to the inaccessibility of optical 
fields).

2.3 � Revealing interplay of fluorescence enhancement 
and quenching

We further perform SEON on an AuNS (79 nm in diam-
eter) under out-of-plane linearly polarized excitation, 
achieved by launching transverse magnetic (TM)-polar-
ized illumination in total internal reflection (TIR) config-
uration, as schematically illustrated in Fig. 3a. Figure 3b, 
c present PL intensity and decay rate mappings at a series 
of QD-AuNS distances. The PL intensity mappings now 
shows a single enhancement spot with an additional arc-
shaped fringe. This fringe arises from the interference 
between the evanescent field of the TIR illumination 
and the scattered field from the AuNS. Reproducible via 
numerical simulation, this fringe highlights the probe’s 
ability to resolve subtle features of the nanoscale light 
field with unprecedented fidelity.

The PL intensity and PL decay rate enhancement fac-
tors directly above the AuNS are extracted from the 
mappings and plotted as functions of QD-AuNS dis-
tance in Fig. 3d, e respectively. The decay rate increases 

monotonically with decreasing distances. In contrast, 
the PL intensity reaches its maximum at a finite dis-
tance, which echoes previous study [48]. This is a dem-
onstration of the interplay of fluorescence enhancement 
and quenching revealed by SEON at varied heights. 
At very short QD-AuNS distances, coupling to high-
order multipolar plasmonic modes (with extremely low 
radiation efficiency) becomes dominant; thus, suppres-
sion of the emitter’s radiation efficiency outweighs the 
excitation enhancement, leading to a decrease in PL 
intensity. Note that the couplings to highly radiative 
dipolar modes and poorly radiative multipolar modes 
both contribute to the LDOS, causing the monotonical 
increase of the decay rate as the probe approaches the 
AuNS.

2.4 � Spatial resolution of the SEON
Given that both absorption and emission of the QD 
probe predominantly occur within the 3 nm CdSe core 
[44] and the probe can be controlled at sub-nanometer 
precision with piezoelectric nanopositioners, high spa-
tial resolution is expected. To explicitly characterize the 
resolving capability of SEON, we quantitatively evalu-
ated the vertical and lateral resolutions from the meas-
urements presented in Fig. 3.

The field above the AuNS decays sharply with 
increasing distance from the AuNS surface in the ver-
tical direction. Therefore, characterizing the drastic 
changes of this sharply decaying light field within a 
few nanometers can readily demonstrate high vertical 
resolution. As shown in Fig.  3e, when the QD-AuNS 
distance decreases from 6 to 2 nm, SEON clearly cap-
tures a surge in the decay rate enhancement factor: 
from 9.1 to 25.3, corresponding to a 178% change over 
a 4  nm vertical range. This significant signal distinc-
tion confirms that vertical positions separated by only 
4 nm can be reliably resolved, demonstrating a vertical 
resolution better than 4  nm. This is further validated 
by the successful capture of a complete “enhancement-
to-quenching” transition of PL intensity over the same 
4  nm vertical interval (Fig.  3d), reflecting the probe’s 
ability to resolve subtle nanoscale vertical variations.

For lateral resolution, since the field distribution 
above the AuNS is relatively broad in the lateral direc-
tion, we adopt a convolution fitting method (detailed in 
Supplementary Material Section 10)—a widely accepted 
strategy for resolution quantification in scanning probe 
optical nanoscopy. Specifically, the experimentally 
measured lateral profile is treated as the convolution of 
the simulated “true” near-field profile and the probe’s 
lateral response function (approximated as a Gaussian, 
whose full-width at half-maximum (FWHM) denotes 



Page 7 of 12Wang et al. eLight            (2026) 6:11 	

Fig. 3  Scanning-exciton optical nanoscopy on a single gold nanosphere (AuNS) under vertically polarized excitation. a Illustration 
of the total-internal-reflection (TIR) illumination scheme with a transverse magnetic (TM) polarization. b, c PL intensity (b) and decay rate (c) 
enhancement mappings at a series of QD-AuNS distances (d = 2, 4, 6, and 8 nm). The insets display the simulated distributions. The QD probe’s 
dipole parameters (R, θ, φ) = (1.4, 37°, 205°). Scale bars, 100 nm. d, e PL intensity (d) and decay rate (e) enhancement factors directly above the AuNS 
as a function of QD-AuNS distance. Each data point represents the mean value of the top 10 highest-value pixels in each mapping. Error bars 
denote the standard deviation (1σ). The dashed curves are the simulated results
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the lateral resolution). Fitting the experimental decay 
rate profile acquired 2  nm above the AuNS (top panel 
of Fig.  3c) to the convolved simulated profile yields 
a Gaussian FWHM of 4  nm (Supplementary Mate-
rial Section 10), which defines the lateral resolution of 
SEON.

2.5 � Revealing nanoscale coupling physics in a plasmonic 
trimer

We next apply SEON on a cluster of three nearly touch-
ing AuNSs which are assembled via AFM nanomanipu-
lation [49, 50] (Supplementary Material Section  11), to 
uncover previously inaccessible nanoscale coupling phys-
ics. Figure 4a displays the AFM topographic image of the 
plasmonic trimer and the cross-sectional plot along the 
dashed line tells the heights of AuNSs #1, #2 and #3 are 
78 nm, 79 nm and 82 nm, respectively. The SEON meas-
urement is performed under the out-of-plane polarized 
illumination as in Fig.  3. During the scan, the QD-sub-
strate distance is maintained at 86  nm, i.e., the vertical 
distances between the QD and AuNSs #1, #2 and #3 are 
8 nm, 7 nm and 4 nm, respectively. The PL intensity map-
ping (Fig. 4b) displays three well-separated nanoscale hot 
spots with different enhancement factors, superimposed 
with arc-shaped fringes. The PL decay rate mapping 
(Fig. 4c) also exhibits three hot spots, but without fringes. 
This indicates that the fringes in the intensity mapping is 

caused by interference between the illumination and the 
scattering.

Notably, while both the intensity and decay rate map-
pings show three hot spots, the magnitude ranking of 
these hot spots differs significantly. A detailed analy-
sis of this discrepancy shall reveal the complex inter-
play of competing physical mechanisms. In the PL 
decay rate mapping (Fig. 4c), the three hot spots above 
AuNSs #1, #2 and #3 exhibit monotonically increas-
ing values, which is consistent with the decreasing 
QD-AuNS distances. Interestingly, in the PL intensity 
mapping (Fig.  4b), the intensity rankings of the three 
hot spots are completely different. The PL intensity hot 
spot above AuNS #1, which has the largest QD-AuNS 
distance and thus the smallest excitation enhance-
ment, exhibits a higher fluorescence intensity than that 
above AuNS #3. This can be attributed to fluorescence 
quenching that occurs when the QD is too close to 
AuNS #3. More intriguingly, the PL intensity hot spot 
above the medium-size AuNS (#2) has the lowest value. 
This seemingly unexpected phenomenon is a result of 
the destructive interference between the multiple scat-
terings and the illumination. Our numerical simulation 
(Supplementary Material Section 12), which treats the 
AuNSs as perfect spheres and takes into account the 
mutual couplings, can qualitatively reproduce the dis-
tributions of PL intensity and decay rate, as displayed 
by the insets of Fig. 3b, c, respectively. This experiment 

Fig. 4  Revealing nanoscale coupling mechanisms in a plasmonic trimer. Atomic-force microscopy (AFM) topographic mapping (a), PL 
intensity enhancement mapping (b), and decay rate enhancement mapping (c) for a plasmonic trimer consisting of three nearly touching AuNSs. 
The measured heights of AuNSs #1, #2 and #3 are 78 nm, 79 nm and 82 nm, respectively. Cross-sectional plots along the dashed lines are shown 
below the mappings. The insets in (b) and (c) are the simulated distributions. Scale bars, 100 nm. The QD probe’s dipole parameters (R, θ, φ) = (2.9, 107°, 90°)
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exemplifies SEON’s ability to reveal intricate nanoscale 
coupling physics, involving multiple scatterings and 
their interference with the illumination, as well as spon-
taneous emission enhancement and quenching of an 
emitter. Such level of mechanistic disentanglement is 
impossible with single-parameter-sensing techniques.

2.6 � Dual‑parameter mapping on a waveguide‑interfaced 
photonic‑crystal nanocavity

Photonic-crystal nanocavities are essential components 
in both nanophotonics and quantum photonics due to 
their ability to confine light in subwavelength mode 
volumes with high quality factors, which enable low-
threshold lasing, Purcell enhancement of spontaneous 
emission, and cavity quantum electrodynamics (cQED) 
experiments [7, 8]. Integrating photonic nanocavi-
ties with waveguides to form photonic circuits offers 

flexible on-chip control over light emission, routing, 
and interaction at the single-photon level. To uncover 
the underlying physics and drive progress in this excit-
ing field, it is crucial to experimentally map the light 
field and LDOS around the photonic-crystal nanocavi-
ties with nanometer resolution.

Here we demonstrate the first mappings by performing 
SEON on a photonic-crystal nanobeam cavity coupled 
to a single-mode waveguide [51], as illustrated in Fig. 5a. 
The photonic-crystal nanocavity consists of a suspended 
Si3N4 nanobeam with a periodic array of air holes with 
gradually decreasing sizes (see Supplementary Material 
Section  13 for fabrication). Figure  5b displays the AFM 
topographic mapping for the cavity. As inferred from 
an isolated peak in a measured transmission spectrum 
shown in Fig.  5c, the cavity should support a resonant 
cavity mode around 605  nm—a wavelength matched to 

Fig. 5  Dual-parameter mapping on a waveguide-interfaced photonic-crystal nanocavity. a Layout of the photonic-crystal nanobeam cavity 
structure and a schematic illustration of the SEON experiment. b Atomic-force microscopy topographic mapping for the nanocavity. c The 
transmission spectrum of the waveguide-interfaced photonic-crystal nanocavity. The blue dashed line indicates the resonance of the fundamental 
mode of the nanocavity. d PL intensity mapping for the nanocavity. Cross-sectional plot along the dashed line is shown below the mapping. 
e PL decay rate enhancement mapping for the nanocavity. Cross-sectional plot along the dashed line is shown below the mapping. The 
QD-sample distance is kept to 30 nm. f Simulated PL intensity distribution for the nanocavity. g Simulated PL decay rate enhancement mapping 
for the nanocavity. Scale bars, 500 nm. The QD probe’s dipole parameters (R, θ, φ) = (2.2, 93°, 101°)
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the emission peak of our QD probe to ensure efficient 
QD-cavity coupling for high-fidelity mapping. For SEON 
measurement, the excitation beam denoted by a green 
arrow in Fig. 5a is launched vertically from the substrate 
side to excite the QD probe. The QD is maintained at a 
constant height of 30  nm above the sample surface and 
sample scan is applied here. There are two collection 
channels for QD fluorescence: (1) the grating coupler 
channel, where a fraction of QD fluorescence enters the 
nanocavity, unidirectionally funnels to the waveguide, 
and ultimately couples out of the chip via a grating cou-
pler; (2) the free space channel, where the remaining fluo-
rescence is radiated into free space and directly collected 
by a lens. These two channels are separately registered via 
TCSPC and analyzed (see Supplementary Material Sec-
tion 3.2 for the full optical setup).

The grating coupler channel exhibits strongly position-
dependent collection efficiency, arising from spatially 
varying QD-cavity coupling—with high efficiency at cav-
ity mode hotspots and near-background levels elsewhere. 
Figure 5d represents the PL intensity mapping from the 
grating coupler channel, which reflects the spatial profile 
of the cavity mode. To ensure robust decay rate analysis 
across the entire scanning area, we combine signals from 
both channels to generate the PL decay rate enhance-
ment mapping (Fig. 5e).

Notably, both the PL intensity mapping and the 
PL decay rate enhancement mapping are in excellent 
agreement with simulations (Fig.  5f, g), and the experi-
mental observations are reproducible (Supplementary 
Material Section  14. The measured PL intensity distri-
bution closely matches the spatial profile of the reso-
nant nanocavity mode, as the signal reflects the spatially 
varying coupling efficiency of an emitter into the very 
resonant mode. In contrast, the measured PL decay rate 
enhancement distribution reveals a more complex physi-
cal picture. It includes contributions not only from the 
nanocavity resonant mode but also from the non-reso-
nant local dielectric background owing to the dielectric 
constant contrast between the silicon–nitride backbone 
and the air holes. The latter is a direct manifestation of 
the LDOS modification by its immediate material’s prop-
erty. Thus, our measured LDOS mapping displays the 
characteristics of the nanocavity mode with the material 
structural pattern superimposed. These results highlight 
the unique capability of SEON to characterize the reso-
nant mode of the waveguide-interfaced photonic-crystal 
nanocavity as well as its coupling with a nearby quantum 
emitter. The reproducibility of the experimental measure-
ments and their consistency with the simulations show 
again the high fidelity and robustness of the SEON map-
pings for relatively large integrated photonic systems.

3 � Discussions
We have demonstrated scanning-exciton optical nanos-
copy for simultaneous correlative mapping of light 
intensity and LDOS with unprecedented fidelity and a 
spatial resolution of few nanometers. The dual-param-
eter sensing capability has been faithfully validated 
with a model plasmonic structure, where distinct light-
intensity patterns with consistent LDOS patterns are 
observed under varied illumination configurations. 
We have performed scanning-exciton optical nanos-
copy on a plasmonic trimer and a waveguide-interfaced 
photonic-crystal nanocavity system, showcasing its 
unique ability to uncover the intricate nanoscale phys-
ics with simultaneous correlative knowledge of the light 
intensity and LDOS, which is inaccessible with existing 
techniques. This technique outperforms earlier single-
emitter scanning probe microscopies based on nano-
diamonds containing single nitrogen-vacancy centers 
and organic microcrystals embedded with single dye 
molecules, by virtue of a suite of advantages. These 
include near-unity quantum yield (more sensitive to 
LDOS change), orders-of-magnitude larger absorption 
cross-section (lower background), small size (better 
accessibility and less distortion), and a narrow tunable 
emission (higher spectral resolution and adaptability). 
Moreover, our single-QD probes also possess outstand-
ing photostability in air.

Our scanning-exciton optical nanoscopy establishes 
a foundational platform for exploring and scrutinizing 
light-matter interactions at the deep nanoscale, with 
wide-ranging implications for functional nanomateri-
als, quantum optics, integrated photonics, and nano-
plasmonics. It opens the door to a range of experiments 
that require delicate nano-controlled studies, such as 
controlled Förster energy transfer or dipole–dipole 
coupling between single quantum systems [52], and 
coupling between an emitter and extremely localized 
optical field [53], pushing the boundaries of exploring 
light-matter interactions at the single-emitter level. The 
technique could be possibly used for direct experimen-
tal visualization of atomic-scale field localization [54]. 
An immediate extension of the technique would be to 
develop a reflection-mode SEON, i.e., excitation and 
collection through the same tapered fiber, by overcom-
ing challenges such as the autofluorescence background 
from the fiber and the low collection efficiency of the 
emission. Further extensions could integrate multicolor 
QD probes for wavelength-multiplexed LDOS mapping, 
or combine this technique with ultrafast spectroscopy 
to resolve dynamical processes in quantum materials.
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